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CHAPTER 1.INTRODUCTION

1.1. Back ground

Today due to the rapid growth of population and the urbanization, suitable lands
available for the constructions are getting decreased day by day. Hence, people are moved to
use problematic weak grounds for the constructions. Problematic grounds mainly consist with
soft organic soil or loose granular soil. It is an engineering challenge to use these problematic
grounds for the constructions due to associated excessive settlement and low bearing capacity
(Roy, Surendra, 2017). Hence, proper ground improvement is necessary before the
constructions to ensure a safe and economical design.

Compare with the organic soft soil, sandy soils poses a larger and rapid settlement due
to its naturally shifting characteristics and free draining nature. Another challenge associated
with the saturated sandy soil is liquefaction under the seismic activities. Due to the seismic
activities, shear strength of the soil tends to decrease as a result of the buildup of pore water
pressure. Then this excess pore water pressure is released to the ground surface as sand boiling
which causes the settlement of the ground surface (Kenji Ishihara, 1992; Mesri et al., 2018;
Yasuyuki Koga, 1990) and damages the buildings by differential settlement, tilting and lateral
sliding (Andrus and Chung, 1995; Karimi et al., 2017). In history, Japan has undergone number
of liquefaction related disasters which were associated mainly with the well-known massive
earthquakes. Kobe earthquake in 1995, is a recent example which damaged the water and gas
supply system and transportation system due to liquefaction (Andrus and Chung, 1995). Hence,
it is very important to perform suitable and effective ground improvement to prevent this kind
of worst disasters and make sure a safe life for the residencies.

Sand densification or solidification is the most efficient way to prevent the liquefaction.
Most commonly using techniques for sand densification are vibro compaction, dynamic
compaction and sand files. However, compaction methods are associated with the undesirable
vibration which can cause some other problems in future (Sarker and Abedin, 2015). Another
option is the use of grouting methods, which are widely used to densify the loose sand in order
to prevent liquefaction. Among the available grouting techniques cement grouting and
chemical grouting are the most common. Compaction methods are mostly effective only for

shallow depths (<10 m) and chemical grouts can be injected to deep layers in the soil bed



(Ivanov and Chu, 2008) that is the main advantage of the chemical grout over the compaction
methods. Cement, lime, bentonite, sodium silicates, acrylates, acrylamides are the most
common types of chemicals which are used for the chemical grouting (Karol, 2010).

Cement is a one of a best engineering material due to its higher strength, durability and
workability which makes it more suitable for various applications in ground improvement
(Chang et al., 2016). But large amount of CO- is released to the environment during the cement
production, which is more harmful to the environment. Each one ton of cement emits 0.95 tons
of CO2 during the cement manufacturing and CO2 emission due to the geotechnical applications
is 2% from the total CO> from cement (Chang et al., 2016). This makes the use of cement as
grouting material is not efficient. On the other hand, most of the chemicals use for the chemical
grouting are environmental unfriendly. Specially, the grouts contain acrylamides and
polyurethane are toxic and damage to the environment. Use of acrylamide grout has banned in
japan after report of several water poisoning cases due to the acrylamide grouts (DeJong et al.,
2010; Ilvanov and Chu, 2008).

Due to the above-mentioned problems, recent engineers are seeking for a new
biological approach which can produce ecofriendly material as an alternative for the cement
and chemical grouting. Generally, biological approach involves the network of chemical
reactions which are acting within the soil mass through biological activities (Fujita et al., 2008).
These bio-geo chemical processes are mainly consisted with the inorganic precipitation,
organic precipitation and biogas generations (DeJong et al., 2010). Among them, bio-grout
formation is mainly associated with the inorganic precipitation of carbonate minerals, mainly
calcium carbonate. Deposition of CaCO3 within the pore spaces between sand particles reduce
the permeability and improve the strength and stiffness of the soil. This biogenic CaCO3 act as
a more eco-friendly cementing material than the existing cementing materials.

Among the bio-mediated soil improvement methods, Microbial Induced Carbonate
Precipitation (MICP) method can be classified as the most efficient and ecofriendly ground
improvement technique. In MICP process, biogenic CaCOs is formed due to the hydrolysis of
urea by urease, which is produced by urea-hydrolyzing (ureolytic) bacteria. Number of
laboratory (Amarakoon and Kawasaki, 2017; B. M. Montoya, 2015; Chou et al., 2011; Danjo
and Kawasaki, 2016a; DeJong et al., 2006; Whiffin et al., 2007) and field (Dejong et al., 2014;
Gomez et al., 2014; Martines, 2008; Paassen et al., 2009) studies have been proved that MICP
has capability to improve the strength and stiffness of soil effectively.

Now time has arrived to think about the ways to improve the efficiency of the MICP

process effectively and sustainably in order to minimize the cost associate with the MICP

2



process and minimize the formation of hazardous byproducts such as ammonia. In this thesis,
attempt has taken to introduce the concept of organic matrix mediated biomineralization into
MICP process in order to improve the efficiency of CaCOs formation and enhance its
applicability to soil improvement.

1.2. Literature Review

1.2.1. Biomineralization

Biomineralization, is a process of formation and growth of minerals in biological
systems. It is a combined approach of study of the biologically-formed materials and processes
that lead to the construction of hierarchically structured composite materials (Estroff et al.,
2008; Masica et al., 2010). In detail, it includes uptake of certain ions from the environment
and arrange them in to highly ordered structures under the control of biological actions
(Stephen Mann, 2001). Generally, formation of biominerals are mainly associated with organic
macromolecules like polysaccharides, phospholipids and certain proteins (Kato et al., 2002;
L.Addadi, 1985). These organic materials control the nucleation and the growth of the crystals.
In addition, polymorphism, morphology of the crystals are also greatly influenced by the
organic materials. Organic macromolecules play a significant role to keep distinctive
mechanical properties of mature mineralized tissues (Hansma et al., 2005; Stephen Mann,
2001; Stephen and Lia, 1997). These organic-inorganic composite materials are fundamental
component of living organisms which provide a protection, structural support, and mechanical
strength for the organisms. Hydroxy apatite in bones and teeth of mammals, calcium carbonate
in molluscan shells, amorphous silica in marine sponges are some examples available in nature

for the bio-mineral formation (Jimenez-Lopez, 2008).

1.2.1.1. Formation of biominerals

Biominerals are formed under ambient temperature and pressure, mainly due to two
mechanisms as follows (Beniash, 2012; He et al., 2003; Stephen and Lia, 1997).
e Forming of the biominerals upon the template of organic matrix
e Formation of the mineral phase due to the co-operative interaction between the organic

macromolecules



Biominerals are discovered among all kingdoms of life and more than 50 mineral
phases that are accompanied with them have been identified. Among them 50 % of minerals
are calcium bearing minerals such as calcium containing phosphates, carbonates, oxalate and
so on. Also, 25 % of biominerals are amorphous. Amorphous silica and amorphous hydrous
iron phosphate are the most abundant amorphous minerals (Weiner and Dove, 2003). Among
all of them, calcium carbonate (CaCO3) is the most abundant biomineral available in nature.
CaCOs presence in nature in five different polymorphism and one amorphous phase. Calcite,
aragonite and vaterite are the most stable form of polymorphisms and CaCOz monohydrate,
CaCOs hexahydrates and amorphous CaCOs are extremely unstable and very rare in non-
biological environments (Stephen and Lia, 1997). Evian egg shells mainly consist with calcite
crystals and main component of the nacre of the mollusk is aragonite CaCOs (Jimenez-Lopez,
2008). Vaterite crystals can be found in some ascidian spicules and in variety of gravity
receptors (Stephen and Lia, 1997).

1.2.1.2. Calcium carbonate biomineralization

One of the best examples available in nature for CaCO3 biomineralization is a nacre
of the mollusk shell. Nacre mainly consists with aragonite form of CaCOs3 and certain types of
proteins and polysaccharides (Menig et al., 2000). Generally, toughness of the nacre is 3000
times higher than that of pure aragonite. This toughness is mainly due to the layered structure
of the nacre (Jackson et al., 1990). Nacre has a brick and motor structure where aragonite
crystals are formed with in soft organic materials (Lopez et al., 2010). Organic materials in
nacre mainly consist with chitin fibers. Smith et al.(1999) explained that high fracture
toughness of the nacre is due to the high energy dissipation and organic materials in nacre
contribute significantly for this energy dissipation. Xu and Li (2011) found that biopolymer in

the nacre have ability to strength itself during the deformation.



Exoskeleton of the crustacean is another example for the organic inorganic hybrid
material formation. As shown in the Fig.1-1, at the molecular level antiparallel arrangement of
chitin leads to the formation of chitin crystals. Then chitin nano fibrils are formed due to the
wrapping of the long crystalline chitin chains by proteins. Bunching of these chitin fibrils tend
to form long chitin protein fibers. This chitin protein fibers form planar and periodically
branched network and space between this chitin protein fibers are filled up with crystalline
CaCOz. This inorganic-organic composite material give extremely higher strength to the cuticle
(Nikolov et al., 2010; Raabe et al., 2005; Vincent, 2002; Vincent and Wegst, 2004).

Crystalline
CaCo " _
Epicuticle 3 Chitin nanofibrils Proteins
,/\\\
Exocuticle g A= — N
olres /§\
Endocuticle Chitinlprotein Chitin nanofibrils
fibers

Mu.ltllayer a Chitin chains
cuticle

Fig. 1-1 Main structural levels and microstructural elements of the exoskeleton of the

crustacean (Regenerated from the original image created by Rabee et al., 2005)

These examples are revealed that organic materials play a significant role in the
nucleation and growth of the minerals as well as their mechanical and optical properties.
Extreme stiffness, toughness and strength of these organic-inorganic composite materials
gained much attention by engineers, researches and scientists. Hence, today researches are
trying to mimic this concept of organic-inorganic composite material to produce synthetic
organic-inorganic hybrid materials which can be used for number of industrial applications.
However, this concept is still new to the civil engineering field and the applications related to
the organic-inorganic composite materials are still in the initial stage. Therefore, we tried to fill

this space by introducing this amazing concept of organic matrix mediated biomineralization
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into the civil engineering applications. We took an attempt to spread this concept throughout
this thesis step by step by incorporating with the concept of microbial introduced carbonate

precipitation (MICP) which is a novel bio mediated CaCOg precipitation method.
1.2.2. Microbial Induced Carbonate Precipitation (MICP)

Microbial induced carbonate precipitation is a bio-geochemical process, which is
catalyzed by the enzyme urease. Urease is a nickel containing multi subunit enzyme which is
belong to the family of amidohydrolases and phosphotriestreases. Existing of the Nickel (Ni
(1) ions in the active site is a unique feature of urease compare with the other enzymes (Holm
and Sander, 1997). Urease mainly existing in some kind of bacteria, plants, algae and
invertebrates. According to the amino acid sequence and the reaction kinetics, all of these
sources form one enzyme with same structure and catalytical mechanism (Krajewska et al.,
2003). Urease from the jack bean (Canavalia ensiformis) is the very first enzyme identified in
crystal form and the same time it is the first nickel containing enzyme (Dixon et al., 1975).
Other than that soybean leaf and seeds, pig weeds and mulberry leaf also have been identified
as sources of urease enzyme (Sirko and Brodzik, 2000).

Compared with the plant urease, bacterial urease is more convenient for the insitu
applications since it can be used as a whole cell without extraction of the enzyme. Number of
urease producing bacteria have been identified up-to today. Sporosarcina pasteurii (Basillus
pasteurii) (Bang et al., 2001; Wei et al., 2015), Bacillus subtilis (Barabesi et al., 2006),
psychrobacillus (Gowthaman et al., 2019), B. megateriumSS3 and B. thuringiensis (Kaur et al.,
2013) are the extensively examined ureolytic bacteria due to their higher urease activity. Urease
enzyme has a capability to hydrolysis urea and produce ammonium and carbarmate ions.
Carbarmate ions spontaneously transferred into ammonia and carbonic acid as given in the
equation (1-2). Then in the presence of calcium ions (Ca?*), CaCOs is formed (Amarakoon and
Kawasaki, 2017; Danjo and Kawasaki, 2016a; Fujita et al., 2017; Mortensen et al., 2011) as
given in the equation (3).

CO(NH,), + H,0 reass H,NCOO~ 4+ NH} (1)
H,NCOO~ + H,0 - HCO3 + NH, (2)
Ca?* + HCO3 + NH; - CaCO3; + NHf (3)

In microbially induced carbonate precipitation method, CaCOs crystals are formed in 3

stages. During the first stage, supersaturation is developed which is favorable for the CaCOs3



crystals to nucleate. In the second stage, nucleation is initiated at the critical supersaturation
and finally spontaneous crystal growth on the stable nuclei is started (Ferris et al., 2004) . In
MICP process, negatively charged bacteria cells, attract in to the calcium ions and act as
nucleation sites for CaCOs crystals to nucleate and growth as shown in the Fig.1-2(a). This
amazing technique has been applied successfully in number of applications mainly in
geotechnical and geo-environmental engineering for the purpose of producing ecofriendly and
sustainable cementing material. The CaCOz3 produced by the MICP process act as a cementing
material to densify the loose sand by efficient filling of the pore spaces between the soil
particles as illustrated in the Fig.1-2(b)

Lﬁ Pore

= | spaces

Sand

CaCOs Bacteria

Fig. 1-2 Schematic diagram of MICP (a) Formation of CaCOs3 (b) Efficient pore filling by
MICP

It has been proven that MICP method has capability to improve the soil properties very
effectively and efficiently. Remarkable strength increments have been reported for the bio
cemented sand compare with the other geo-materials. Larger increment of the soil friction angle
and higher peak shear strength value have been achieved by MICP treated soil than the
untreated soils (Chou et al., 2011; Montoya and DeJong, 2015). Increment of shear strength
and stiffness has a direct correlation with the amount of the precipitated CaCOz and significant
increment of the cohesion, friction angle and elastic modulus have been reported for the higher
CaCOg content due to the efficient filling of the pore space (Cheng et al., 2013; Montoya and
Delong, 2015). Interestingly, MICP has capability to increase the soil strength while
maintaining the sufficient permeability which is required during the bio cementation process.
This permeability retention in bio cemented soil samples is higher than the other cementing

materials such as cement. Van Paassen (2009) Have obtained 60 % reduction of the



permeability of bio treated soils and 50-99 % permeability reduction have been obtained by
Ivanov et al. (2010). In addition, increment of the unconfined compressive strength (UCS) of
the MICP treated soil have been reported by the number of researches (Amarakoon and
Kawasaki, 2017; Danjo and Kawasaki, 2016a; Whiffin, 2004; Whiffin et al., 2007).

1.2.2.1. Engineering applications of MICP

MICP has gained much attention in number of field as an ecofriendly approach than the
available methods. As mentioned earlier, it is widely used as a soil stabilizer as well as produce
cementing material to improve the properties of the weak soils. Van Paassen (2009) have
successfully implemented microbial grouting technique in large scale (100 m®) and could be
obtained successfully bonded sand body. Gomez et al., (2014) have been conducted a field
scale experiments to check the applicability of MICP as a surface stabilizer for prevention of
erosion in loose sand. They have reported that they could be achieved improvement to a depth
of approximately 28 cm which is near to the target depth of 30 cm. MICP technique has been
applied successfully to reduce the permeability of the sandy soil in Rotterdam port area,
Holland. Also in 2005, seepage damage happened on the railway subgrade in Amesterdam was
successfully controlled by using MICP method (Wang et al., 2017a). In addition, MICP method
has been used in oil exploration to reduce the permeability of the sand layer which help to
increase the efficiency of the oil recovery (Ferris et al., 1996). Similarly MICP has been
successfully applied to repair the surface cracks in the cement-based coatings. Water absorption
rate of the cement mortar can be reduced by 10 % using MICP due to the cover of the surface
of the cement mortar by micro-organisms (Bachmeier et al., 2002; Wang et al., 2017b).

In addition, MICP has been used to removal of heavy metals and radionuclides.
Selection of heavy metal tolerant bacteria with ureolytic capability is very important for this
purpose, because heavy metals can be toxic for some bacteria and it can reduce the bacterial
and urease activity. Previous researches have been found some heavy metal tolerable ureolytic
bacteria and immobilization of the heavy metal mainly lead and cadmium was successfully
achieved by using MICP (Kang et al., 2014; Mor et al., 2006). Similarly, MICP can be used to
immobilize radionuclides by co-precipitation of the radionuclides as radionuclide carbonate
minerals with the CaCOs (Fujita et al., 2008; Mitchell and Ferris, 2005).



1.2.2.2. Drawbacks of the MICP

Though MICP has recognized as an ecofriendly and sustainable ground improvement
technique, some limitations are associated with the MICP process. In the large scale
applications, main problem associated with the bio cementation is its homogeneity and
durability and at this moment research works related to the detail investigation of the durability
of the MICP treated soil couldn’t be found. Another negative point is the production of large
amount of the ammonia as a byproduct of the MICP process which can be polluted the
environment as well as underground water. Removing these kind of toxic byproducts will make
the bio-grouting process more complex and reduce the efficiency of the grouting reinforcement
(Wang et al., 2017b). Back feeding of the ammonia into the environment as a fertilizer for the
plant is also one alternative (Mujah et al., 2017). Use of denitrifying bacteria to produce CaCOs
may be a best alternative and more environmentally friendly method since final product is only
nitrogen. However, low activity and the slower growth rate of the denitrifying bacteria make it
low efficient for the field applications (Van Paassen et al., 2010).

Also, it is a challenge to use the existing MICP method to improve the soil at target
location than the widespread treatment. Specific equipment and long treatment period are
required to control the release of water-based cementation solution to obtain the localized
treatment. Therefore, it is essential to modify the existing MICP method which can control the
transport of cementation solution in highly permeable soil to achieve efficient treatment (Wang
and Tao, 2018a).

According to the literature data, MICP has studied so deeply and has been proven as a
best alternative for the commonly available environmental unfriendly methods. Hence, now
researches are moving to finding out the ways to improve the efficiency of the MICP process
to make it more ecofriendly and sustainable. Introduction of the organic materials into the
MICP process would be more interesting and it is closely related to the nature. Our study also
based on this concept and we took an attempt to modify the MICP process by using organic

materials to increase the efficiency of the MICP process through efficient CaCO3 formation.

1.2.2.3. Polymer modified MICP process

Introduction of the organic materials in to the MICP process is closely related to the

concept of organic matrix mediated biomineralization. Since the concept is inspired from



nature, it would be an attractive approach to upgrade the efficiency of the MICP process more
sustainably and produce more ecofriendly green material. However, several factors must be
considered before introducing the organic macromolecules in to the MICP process. Mainly,
efficiency of the MICP process depend upon the activity of the urease enzyme. Therefore,
organic materials should not interfere with the enzyme activity as well as it should not inhibit
the bacterial growth. Also, to success the MICP process it should have capability to produce
sufficient amount of CaCOs with sufficient rate. Hence, introduction of the organic materials
should not disturb to the nucleation and growth of the CaCOs.

It is a well-known fact that some organic materials inhibit CaCOs3 crystallization and
also affect the morphology and polymorphism of the CaCOs crystals significantly. Therefore,
the selection of suitable organic material is highly important. Due to these difficulties, very
little number of research works have been carried out earlier to investigate the effect of organic
materials, mainly biopolymer on the efficiency of the MICP process.

Previously, Wu and Zeng (2017) have been introduced sodium alginate in to the MICP
process for the purpose of immobilization of the bacteria. Sodium alginate is a natural
polysaccharide, which has number of industrial applications due to its gelling property and
commonly use as an immobilization material (Butler et al., 2006). Wu and his research group
could be immobilized the bacteria very successfully on the calcium alginate gel and porosity
of the calcium alginate gel has been provided an extra support for the bacteria immobilization.
The addition of the sodium alginate has modified the polymorphism and morphology of the
CaCO:s crystals significantly with time.

Vaterite crystals with rough surface has been formed after 6 h of reaction and it is
converted completely into the dump bell-shaped calcite crystals within 24 h reaction. In
addition, sodium alginate concentration affects significantly on the morphology of the crystals
and hexagonal, spherical and capsule shaped crystals have been obtained as shown in the Fig.1-
3. Formation of the hexagonal crystals was due to the interaction of the ammonium ions with
the carbonate ions in the unfavorable (001) plane of vaterite. In contrast, at higher alginate
concentrations effect of the ammonium ions can be neglected, due to the more negative charge

of the sodium alginate resulting the formation of capsule-shaped crystals.
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Fig. 1-3 CaCOs formation in the presence of sodium alginate by using MICP
(Modified from the original image generated by Wu and Zeng, 2017)

Wang and Tao (2018b) have been examined the effect of the polyvinyl alcohol (PVA)
on the MICP process which is a synthetic polymer with a superb adhesive and emulsifying
properties (Alihemati et al., 2017). Higher amount of CaCOs precipitate was obtained in the
case with PVA than the case without adding PVA. PVA modified MICP process formed
framboidal shaped vetarite crystals while rhombohedral calcite crystals were dominant in the
case of water based MICP approach. Higher unconfined compressive strength has been
obtained for the cemented sand samples by using polymer modified cementation solution than
the case with water-based cementation solution. Relatively a denser and uniform distribution
of vaterite crystals between the sand particles were also reported. The reason behind the
formation and stabilization of the vaterite crystal is higher absorption capacity of the PVA (Kim
et al., 2005).

1.2.2.4. Polymer modified EICP process

Use of the extracted urease enzyme instead of the whole cell urease for the experimental
purposes has become popular recently due to the associated difficulties of using whole cell
urease. Urease enzyme extracted from the plant species (Jack bean and soya bean) have been
used widely for the research purposes. Several studies can be found in literature regarding the
polymer modified EICP.
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Hamdan et al. (2016) have been investigated the effect of the xanthan gum on the
CaCOscrystallization and soil stabilization using jack bean urease and found that xanthan gum
hydrogel didn’t adhere with the enzyme activities and CaCOs precipitate. Further, xanthan gum
modified EICP extended the reaction time and increased the precipitation efficiency. Also,
xanthan gum hydrogel has capability to create strong interaction with the water molecules and
it hold water molecules tightly and preventing the significant evaporation. Further, Pasillas and
research group have been studied the performance of the viscosity enhanced EICP solution for
high permeable (Ottawa 20/30) and low permeable (F-85 sand) sand using xanthan gum
(Pasillas et al., 2018). Xanthan gum enhanced sand column shows the highest water retaining
ability. However, relationship couldn’t be found between the level of water retention and the
uniformity of the cementation and the unconfined compressive strength.

Zhao et al. (2016) have been synthesized a hyper-branched biomimetic hydrogel
network across a soil matrix by using Poly (acrylic) acid to improve the mechanical strength
of the loose soil and simultaneously lessen potential contamination due to excessive
ammonium. By adding Poly (acrylic) acid Strongly cemented sand specimen have been
obtained and it could be sustained even under the pressure high as 4.8 MPa while it is for sand
treated by using only EICP was 64 KPa. Porous hydrogel network created by poly (acrylic)
acid act as a binder to bind soil grains effectively by forming polymer calcite composite. Also,
excellent water retaining capacity of poly (acrylic) acid make it more efficient for CaCOs
precipitation. Most interesting behavior of poly (acrylic) acid is its ability to absorb NH4" ions.
It can remove NH4" ions from the reaction system very effectively.

However, in literature it is difficult to a find complete investigation of the effect
biomacromolecules on the MICP. Therefore, this research work addresses this issue and detail
investigation of the synthetic and natural biomacromolecules on the CaCOg3 crystallization and

sand solidification was carried out by using the MICP and EICP process.
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1.3. Scope of the thesis

Scope of this thesis is investigation of the effect of biomacromolecules on the CaCOs
crystallization and the sand solidification by using the urease based mineralization. Thesis

consists with five sections as illustrated in the Fig.1-4.

Chapter 1
Introduction

Chapter 2

Effect of the synthetic polypeptides on the
CaCO;, crystallization and sand
solidification by using MICP method

Chapter 3

Effect of the natural biopolymer on the
CaCO; crystallization and the sand
solidification by using MICP method

Chapter 4
Develop a novel fusion protein to
facilitate  organic-inorganic  hybrid
material formation

Chapter 5
Conclusion and future prospects

Fig. 1-4 Scope of the Thesis

13



1.4. Originality and the usefulness of the study

MICP has been recognized as a more ecofriendly ground improvement technique and
its capability to stabilize and densify weak soil has been well studied. Hence, researches are
moving to finding out novel approaches to enhance the performance of MICP. According to
the literature, several attempts have been taken by using additives such as fly ash, fibers and
by introducing magnesium.

Introduction of organic biopolymer in to the MICP process is a more interesting
approach and we have taken an attempt to initialize this concept. Only few research works have
been carried out by addressing the incorporation of organic additives into the MICP process.
In this thesis, detail investigation about the incorporation of the biomacromolecules into the
MICP process was carried out. As mentioned in the Chapter 2, complete investigation about
the effect of cationic as well as anionic synthetic poly peptides on the CaCOs crystallization
and the sand solidification was examined by using MICP method. Effect of these synthetic poly
peptides on the crystal morphology and the polymorphism also investigated deeply. Though
cationic synthetic poly peptide has positive effect on sand densification and CaCOs
crystallization, associated higher cost make it little inefficient. Therefore, we moved into
finding some natural biopolymer which has capability to improve the efficiency of the MICP
process by efficient formation of CaCOs. Throughout the Chapter 3, effect of natural
polysaccharide, chitosan on the CaCOs crystallization and the sand solidification have been
examined. We found that chitosan has capacity to upgrade MICP process very effectively and
sustainably.

Results of the Chapter 2 and Chapter 3 reflect the positive effects of the organic
materials on the CaCOgz formation. Therefore, introduction of intermediate protein would be
assisted to efficient precipitation of CaCOs on the organic matrix. To satisfy this purpose novel
fusion protein was introduced to effective precipitation of CaCOs on the chitin matrix. In
addition, effect of the fusion protein on the enzyme induced carbonate precipitation (EICP)
was studied. We found that, fusion protein has better ability to adsorb into the chitin and it
exhibited superior performance in CaCO3 formation. Hence, this novel protein could be used

to produce organic-inorganic composite green materials.
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CHAPTER 2.EFFECT OF THE SYNTHETIC POLY PEPTIDES ON THE CaCOs

CRYSTALIZATION AND SAND DENSIFICATION USING MICP METHOD

2.1. Introduction

Polypeptides are linear polymers consisted with repeating sequence of certain amino
acids which are linked by peptide bond. Amino acids are building blocks of polypeptides and
20 types of the amino acids can be found in nature and each one has a specific structure (Hughes,
2012). On the other hand, polypeptides act as building blocks to create certain types of proteins
by bonding two or more polypeptides and depending on the variation of the length and the
amino acid sequence of the polypeptides different shapes of proteins are created with different
biological functions (Voet et al., 2011). Polypeptides are important polymers in both of the
protein and polymer sciences. However, large scale industrial production of natural
polypeptides is a challenge, hence scientists have moved to create synthetic polypeptides which
can function similarly as natural polypeptides (Bonduelle, 2018).

Synthetic polymers have gained big attention in the field of tissue engineering and
regenerative medicine due to its excellent properties compared with the natural polypeptides.
Basically, synthetic polymers are compatible with wide range of solvent, hence spinning of
these polymers are easy and also they have higher purity than natural polymers (Asli et al.,
2012; van Aalst et al., 2008). Shortly, synthetic polypeptides can be defined as interdisciplinary
macromolecules. Though these synthetic polypeptides are extensively used in biomedical field,
applications in the civil and geotechnical engineering field couldn’t be found. Our interest is
introducing synthetic polypeptide into the geotechnical engineering field as an organic additive
combine with the MICP process.

Among the number of polypeptides, poly-L-lysine and poly-glutamate were selected
for our studies since effect of these polymers on the CaCOs3 crystallization have been studied
previously by using chemical precipitation (Kato et al., 1998; Manoli et al., 2002; Njegi¢ et al.,
2010; Njegic et al., 2009; Shih et al., 2005; Wada et al., 2018; Westwood et al., 2013; Yao et
al., 2009). Chemical structure of the poly-L-lysine and poly-glutamate are shown in the Fig 2-
1. In the neutral pH, poly-L-lysine charged positively while poly glutamate charged negatively.
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Fig. 2-1 Chemical structure of (a) Poly-L-lysine (b) Poly-glutamate

Poly-L-lysine is a bio compatible cationic polypeptide and prevalent reagent in the field
of bio medical as a cell adhesion reagent to attachment of protein, DNA and cells into solid
surfaces as shown in Fig. 2-2 (Mazia et al., 1975). Poly-L-lysine coating is used as an anchor
for other biocompatible polymers, like poly-L-lysine-polyethyleneglycol (PEG) block
copolymers and used extensively as a food preservative in Japan and Korea (Hiraki et al., 2003).
Effect of the poly-L-lysine on the CaCOs crystallization has been studied previously by using
gas diffusion method and found that it has positive influence on the CaCOs crystallization
(Njegi¢ et al., 2010; Njegic et al., 2009) and also morphology change of the CaCOs in the
presence of the poly-L-lysine also reported (Wada et al., 2018; Yao et al., 2009). Due to the
intensive cell adhesion property and CaCOs formation capacity, poly-L-lysine would be a best
additive for the MICP process. Hence, in this chapter we examined the effect of this cationic
polypeptide on the CaCOgz precipitation and sand solidification using MICP and EICP
processes.

Similarly, poly-glutamate is a linear anionic polypeptide with higher stability over wide
range of pH (Bagel’ova et al., 2001). Effect of the poly-glutamate as well as poly-glutamic acid
has been studies previously using chemical precipitation and found that it has a higher influence
on the polymorphism and the morphology of CaCOs crystallization (Kato et al., 1998; Njegi¢-
Dzakula et al., 2010; Njegic et al., 2009). Therefore, poly-glutamate can have significant effect
on the MICP process and this chapter addresses the contribution of the poly-glutamate on the
CaCOg crystallization.
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Fig. 2-2 Cell adhesion property of poly-L-lysine

2.2. Objectives

Main objective of this chapter is investigating the effect of the cationic (poly-L-lysine)
and anionic (poly-glutamate) synthetic polypeptide on the CaCOs crystallization, its
polymorphism and morphology by using the MICP process driven by the ureolytic bacteria
Pararhodobacter sp. Also, effect of the synthetic polypeptide modified MICP on the sand

densification was investigated.

2.3. Materials and methods

2.3.1. Preparation of bacterial cell culture

Experiments were conducted by using the ureolytic bacteria Pararhodobacter sp.
isolated from beach sand in Sumuide, Nago, Okinawa, Japan (Danjo and Kawasaki, 2016b).
Bacterial cells were pre-cultured in Zobell 2216E medium (polypeptone (Nihon Seiyaku Co.,
Ltd., Tokyo, Japan) 5.0 g/L, yeast extract (BD Biosciences Advanced Bioprocessing, Miami,
FL, USA) 1.0 g/L, FePO4 (Junsei Chemical Co., Ltd., Tokyo, Japan) 0.1 g/L in artificial sea
water, pH 7.6-7.8; 5 mL) by shaking at 30 °C and 160 rpm for 24 h. The pre-culture (1 mL)
was inoculated into fresh Zobell 2216E medium (100 mL). The mixture was kept in the shaking
incubator under the same conditions as those used for pre-culturing for 48 h. The cells were
collected by centrifugation of the bacterial culture (10 °C, 8000 rpm, 5 min) and resuspended
again in sterilized distilled water to adjust the cell concentration (ODeoo = 1). Cell concentration
was determined by UV-visible spectroscopy (V-730, JASCO Corporation, Tokyo, Japan) as

optical density value which is relevant to the 600 nm wave length (ODsgoo).
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2.3.2. Precipitation of CaCOs by ureolytic bacteria

CaCOg precipitation experiments were conducted by hydrolysis of the urea using
ureolytic bacteria, Pararhodobacter sp. in the presence of CaClz. The bacteria were added to a
substrate solution containing urea (0.3 mol/L; Wako Pure Chemical Industries Ltd., Tokyo,
Japan) and CaCl, (0.3 mol/L; Wako Pure Chemical Industries Ltd., Tokyo, Japan) in the
presence or absence of poly-L-lysine/ poly-glutamate (Wako Pure Chemical Industries Ltd.,
Tokyo, Japan). The reaction mixture (10 mL) was shaken at 30 °C and 160 rpm for 24 h and
samples were centrifuged (24 °C, 12000 rpm, 10 min) to separate the CaCO3 precipitate from
the supernatant. Then precipitates were dried in an oven at 100 °C for 24 h, and dry weights of
the precipitates were determined.

Experiments were conducted for the different bacteria concentrations (ODesgo = 0.01-
0.2) in the presence (10 mg/L) or absence of polymer to check the effect of the bacteria
concentration and the effect of the polymer on the CaCO3 crystallization. Also, effect of the
polymer concentration on the CaCOs crystallization was examined under the different polymer
concentrations (0-50 mg/L) with a bacterial concentration of ODsoo = 0.1. All experiments were

done in triplicate.
2.3.3. Precipitation of CaCOs by urease enzyme

Same time, CaCOs precipitation experiments were conducted by using extracted jack
bean urease enzyme (Wako Pure Chemical Industries Ltd., Tokyo, Japan) in the presence of
CaClz and urea. Urease solution was prepared by dissolving the urease powder in Tris-HCI
buffer (0.1 M, pH -8) and diluted by using distilled water to achieve the desired activity (3
U/ml). Procedure of the precipitation test is similar to the section 2.3.2. Experiments were
conducted for the different urease concentrations (0.03 U/ml-1.5 U/ml) in the presence (10
mg/L) or absence of polymer to check the effect of the urease concentration and the effect of
the polymer on the CaCOs crystallization. Also, effect of the polymer concentration on the
CaCOg crystallization was examined under the different polymer concentrations (0-50 mg/L)

with a urease concentration of 0.3 U/ml. All experiments were done in triplicate.
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2.3.4. Analysis of precipitate

(a) X-ray diffraction analysis

Polymorphism of the precipitated CaCO3z was examined by conducting the X-ray
diffraction (XRD; MiniFlex™, Rigaku Co., Ltd., Tokyo, Japan) analysis for the ground
samples under Ni-filtered Cu 1.5406 A radiation. The crystalline phases were identified
with MATCH 3.4 software.

(b) Scanning Electron Microscopy (SEM) analysis
Morphology of the precipitated crystals were examined by using the Scanning electron
microscopy (SEM; Miniscope TM3000, Hitachi, Tokyo, Japan).

(c) Fourier-transform infrared spectroscopy (FTIR) analysis
Fourier-transform infrared spectra was obtained by using FTIR spectroscopy
(6200HFV Jasco, Japan). Samples were prepared by grinding the CaCOs powder with
the KBr and then mixture was pressed into a transparent disk for the analysis.

2.3.5. Toxicity of the poly-L-lysine

Toxicity of the poly-L-lysine on the Pararhodobactor sp. was also investigated. Totally,
five kind of samples were prepared by inoculated bacteria (ODs0o-0.1) in sterilized artificial
sea water with varying poly-L-lysine concentrations (0 - 50 mg/L). Artificial sea water was
added into the reaction mixture to provide a favorable environment for Pararhodobactor sp. to
grow since it is a marine bacterium. Reaction mixture (10 ml) was kept in the shaking incubator
under 30 °C and 160 rpm. Samples were collected at 0, 2, 4, 8 and 24 hours and each sample
was separately diluted by 102-10® times using sterilized artificial sea water. Then samples
were inoculated in the Zobell 2216E agar medium (polypeptone (Nihon Seiyaku Co., Ltd.,
Tokyo, Japan) 5.0 g/L, yeast extract (BD Biosciences Advanced Bioprocessing, Miami, FL,
USA) 1.0 g/L, FePO4 (Junsei Chemical Co., Ltd., Tokyo, Japan) 0.1 g/L, Agar (Wako Pure
Chemical Industries Ltd., Tokyo, Japan) 15 g/L; in artificial sea water, pH 7.6-7.8). Finally,
viable cell count was determined as colony forming unit (CFU) by using the equation 4.

CFU = Plate colony count * Dilution factor  (4)
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2.3.6. Sand solidification in syringe

Sand solidification experiments were conducted with and without poly-L-lysine by
using the method previously described by Danjo and Kawasaki (2016) to check the effect of
the poly-L-lysine on the sand densification. Experiments were conducted for commercially
available Mikawa and Toyoura sands. Physical properties of the both of the sands are given in
the Table 2-1.

Table 2-1 Physical properties of the Mikawa and Toyoura sands

Physical Properties Mikawa sand Toyoura sand
Mean diameter 0.87 mm 0.2 mm
Particle density 2.66 g/cm?® 2.64 g/cm?®
Coefficient of uniformity (Cy) 1.27 1.375
Coefficient of curvature (Cc) 0.97 0.92

Sand type (USCS classification)  Poorly graded sand  Poorly graded sand

Sand samples (43 g for Mikawa sand and 48 g for Toyoura sand) were oven dried at
110 °C for 2 days and placed in a 35 mL syringe (mean diameter Dsg = 2.5 cm and height 7
cm) in three layers. Each layer was subjected to 20 hammer blows. Then first poly-L-lysine (5
ml, 100 mg/L) was injected to the syringe and next bacterial solution (16 mL, ODeoo = 1) was
injected and kept it 10-15 min to allow fixation of the bacteria to sand particles. After that,
drained out the solution from the outlet, leaving 2 mL of the solution above the surface. After
that cementation solution (20 mL; 0.3 M urea, 0.3 M CaCl, 0.02 M sodium hydrogen carbonate,
0.2 M ammonium chloride, and 3 g/L nutrient broth (BD Biosciences Advanced Bioprocessing,
Miami, FL, USA)) was injected into the syringe, and drained, leaving 2 mL of the solution
above the surface to maintain saturation conditions. All solutions were injected through gravity.

Experiments were done in triplicate in an incubator at 30 °C as shown in Fig. 2-3.
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Fig. 2-3 Experiment setup of the solidification test

Every 3 days, the pH and Ca?* concentration of the drainage were measured. The experiments
were conducted with various bacterial injection intervals as given in the Table 2-2. In one set,
bacteria were injected only once, on the first day. In another set, bacteria were injected twice,
i.e., on the first day and again after 7 days. During the experiment, poly-L-lysine was injected

twice, on the first day and again after 7 days.

Table 2-2 Experimental conditions for sand solidification with and without poly-L-lysine

poly-L-lysine bacteria injection
S1 - once °
S2 100 mg/L 2 once "
S3 - twice ©
S4 100 mg/L 2 twice ©

Initial concentration of the poly-L-lysine solution applied to the column in solidification test.
b Injection of bacteria culture only at the beginning of solidification test.
¢ Injection of bacteria culture at the beginning and after 7 days of solidification test.
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In addition, control experiments were conducted without adding bacteria to check the
effect of the poly-L-lysine itself for the sand densification. Two kind of experiments were

conducted by varying the conditions as given in the Table 2-3

Table 2-3 Experimental conditions for sand solidification without bacteria

poly-L-lysine (100 mg/L)  cementation solution (0.3 M)

S1 1%t and 7" day Daily

S2 - Daily

After 14 days, the unconfined compressive strength (UCS) of the samples were
determined with a needle penetration device (SH70, Maruto Testing Machine Company, Tokyo,
Japan) which is shown in Fig. 2-4. First, needle was injected into the sand specimen and
penetration force (N) and the penetration distance (mm) were recorded. Unconfined
compressive strengths (UCS) of the samples were determined by using the calibration equation
given in equation 5 which was provided by the manufacture. In the instrument manual it is
mentioned that this calibration equation was developed by considering 114 natural rock

samples and 50 improved soils with cements.

log(y) = 0.978 log(x) + 2.621 (5)

x= Penetration gradient (N/mm)

y= Unconfined Compressive Strength
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Fig. 2-4 Needle Penetration Device

2.3.7. Determination of the amount of CaCOs

Precipitated amount of CaCQOs in the solidified sand specimen was measured by using
the calcimeter (Fig. 2-5). It is a simple device which can be used to measure the amount of
precipitated CaCOgz approximately by using amount of gas (CO.) released when the cemented
sand sample react with HCI (3M). Experiments were conducted in a closed container under
constant pressure and temperature. Approximately 1-2 g of sample was placed in a container
and 10 ml of HCI was placed in plastic viral. Then container was closed and manometer was
attached. After that, whole system was agitated gently until get the constant pressure value.
Finally, precipitated amount of CaCOs was determined by using the calibration equation given
in equation (6) which has been developed by measuring the gas pressure for the known amount
of CaCOsa.

y =125.78 x — 0.1035  (6)
y- Gas Pressure (kPa)
X- Weight of CaCQOs (Q)
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Fig. 2-5 Calcimeter

2.4. Results and Discussion

2.4.1. Effect of the synthetic polypeptides on the CaCOs Crystallization

2.4.1.1. Effect of poly-L-lysine on the CaCOs Crystallization by using bacterial urease

Variation of the measured amount of precipitated CaCO3z with and without poly-L-
lysine under different bacteria concentrations is given in Fig.2-6. Error bars show the standard
deviation of the values in three independent experiments.
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Fig. 2-6 Amounts of precipitate formed at various bacterial concentrations (ODeoo) With

or without addition of poly-L-lysine.

The amount of CaCOs increased with increasing bacteria concentration in the presence
and absence of the poly-L-lysine. It is well known factor that amount of CaCO3 precipitation
is directly related to the urease activity of the bacteria (Al Qabany et al., 2011). Fujita et
al.,(2017) have been found that urease activity of the Pararhodobacter sp. increases with the
increasing of the cell concentration (ODeoo). Similarly, Mortensen et al., (2011) mentioned that
the rate of urea hydrolysis is mainly affect for the rate of CaCOs3 precipitation and ureolytic
biomass should be increased to increase the rate of urea hydrolysis. Therefore, the increase in
urease activity with increasing cell concentration leads to increased precipitation, and causes
rapid nucleation and growth of CaCOs at high bacterial cell concentrations.

Most interesting finding is the positive effect of the poly-L-lysine on the CaCOs
crystallization. Higher amount of CaCOs precipitation could be obtained by adding poly-L-
lysine compared with that of without and it is very clear in lower bacteria concentrations. A
significant effect of poly-L-lysine was not detected at higher bacterial concentrations; this
indicates that the bacterial activity may be the dominant factor rather than the effect of poly-L-
lysine at higher bacteria concentrations. Behavior of basic polypeptides on the CaCO3
crystallization is little unclear and difficult to explain. However, Xie et al., (2005) have been
examined the effect of the L-lysine on the CaCOgs crystallization by the chemical precipitation
of CaCOs from Ca(NOs). and Na2COz. They explained that the positive charge on L-lysine
strongly attracts COs?~ ions, resulting in CO3*~ ion enrichment and higher super saturation of

CO3?" ions in local regions which is favorable for CaCOjs crystal nucleation and growth. Similar

33



hypothesis can be used to explain the positive effect of the poly-L-lysine on the CaCOs
crystallization. Purely electrostatic interaction can be seen between the positively charged poly-
L-lysine and negatively charged calcite surface.

Fig. 2-7 shows the FTIR spectrums obtained for the samples with and without poly-
L-lysine. According to the Fig. 2-7(b) additional peak can be found around 1200 cm™ for the
samples with poly-L-lysine. According to the literature, this peak is relevant to the C-N bond.
Therefore, it is look like some amount of poly-L-lysine has incorporated into the CaCOs
crystals. Peaks in 713 and 876 cm™ wave lengths are related to the calcite crystals (Wada et al.,
2018).
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Fig. 2-7 FTIR Spectrum for CaCOs precipitation (a) Without poly-L-lysine (b) With poly-
L-lysine
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SEM analysis was conducted for the oven dried samples to identify the morphology of
the CaCOs crystals in the presence and absence of the poly-L-lysine. Fig. 2-8 shows the crystal
morphologies of the samples prepared at various bacterial concentrations without poly-L-lysine.
As shown in the Fig. 2-8(a) well developed rhombohedral crystals were obtained at low
bacterial concentrations while rhombohedral crystal agglomeration were obtained at higher
bacterial concentrations as given in Fig. 2-8(b). Another point noticed is that the crystal size
decreased with increasing bacterial concentration. Urease from Pararhodobacter sp. is not
secreted into the extracellular medium but accumulates in or on the cell as a membrane enzyme
(Fujita et al., 2017). Therefore, bacterial cells can be acted as nucleation sites for CaCOs3
crystals to nucleate and growth. Due to the lower amount of nucleation sites at lower bacteria
cell concentrations, after the initial calcite precipitation on the nucleation sites, calcite crystals
can grow continuously and produce larger crystals (Stocks-Fischer et al., 1999). However, at
higher bacterial concentrations, each cell acts as a nucleation site and a large number of small

crystals are produced, without growth of the individual crystals.

Fig. 2-8 SEM images of CaCO, precipitates at various bacterial concentrations without poly-L-

lysine: (a) ODgo = 0.01, (b) ODgpo = 0.05, (c) ODgpo = 0.1, and (d) ODgoo = 0.2.
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Morphologies of the crystals at different bacteria concentrations in the presence of the
poly-L-lysine are given in Fig. 2-9. In the presence of the poly-L-lysine morphology of the
crystals changed into the ellipsoidal shape crystals. The effect is clearer at lower cell
concentrations and at higher bacteria cell concentration combination of the ellipsoidal and
rhombohedral crystals was obtained. Production of larger amount of CaCO3 at higher cell
concentration would be the reason for obtained both of the morphologies at higher cell
concentrations. According to the XRD patterns given in Fig. 2-10 main components of the

obtained crystals with and without poly-L-lysine was calcite.

Fig. 2-9 SEM images of CaCOz precipitates at various bacterial concentrations with poly-L-
lysine (10 mg/L): (a) ODeoo = 0.01, (b) ODsoo = 0.05, (c) ODseoo = 0.1, and (d) ODego = 0.2.
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Fig. 2-10 XRD patterns of CaCO3 precipitates (a) without poly-L-lysine and (b) with poly-L-

lysine.

2.4.1.1.1. Effects of poly-L-lysine concentration on CaCOs3 crystallization

Variation of the amount of precipitate with the poly-L-lysine concentration is given in
Fig. 2-11. The amount of precipitate formed at intermediate poly-L-lysine concentration was
higher than those of formed at higher and lower poly-L-lysine concentrations. Hence, moderate
bell-shaped relationship was detected between the amount of precipitate and the poly-L-lysine
concentration. Njegic et al., (2009) have been found similar relationship by chemical
precipitation of the CaCOz in the presence of poly-L-lysine. They have been reported that
increased calcite growth at low concentrations of poly- L-lysine and decreased growth at higher
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concentrations is typical of additives that are weakly, non-selectively bonded to the crystal
surfaces.
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Fig. 2-11 Variation of the amount of CaCO3 precipitate with the poly-L-lysine
concentration

Fig. 2-12 shows the SEM images of the crystal morphology obtained for the various
poly-L-lysine concentrations. At lower poly-L-lysine concentrations, effect of the poly-L-
lysine on the morphology change can be neglected and polyhedron crystals were dominant as
shown in Fig. 2-12(a). With increasing poly-L-lysine concentration, the morphology changed
to peanut-like twin spheres, and at high poly-L-lysine concentrations, twin spheres were
dominant, as shown in Fig. 2-12(b-d). This morphology Change depends on the conformation
of the poly-L-lysine chain. Poly-L-lysine has a a-helix confirmation under the alkaline
conditions (Shibata et al., 1992). During the urea hydrolysis, the pH of the medium increases
and this weak alkaline condition is more favorable for the poly-L-lysine to change its
confirmation to a-helix. As shown in Fig. 2-13, a-helix confirmation leads to tangentially
oriented growth on the sphere surface and vertically oriented growth on the equatorial zone, to
form peanut-like twin spheres (Yao et al., 2009). Twin spheres are probably formed because
of crystal growth on both sides of the nuclear plate.
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Fig. 2-12 SEM images of CaCOg precipitated by bacteria (ODegoo = 0.1) at different poly-L-
lysine concentrations: (a) 1 mg/L, (b) 10 mg/L, (c) 30 mg/L, and (d) 50 mg/L.
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Fig. 2-13 Formation of twin-sphere crystals in presence of poly-L-lysine
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2.4.1.1.2. Time course of precipitation with and without poly-L-lysine

Change of the crystal morphology with time in the presence and absence of the poly-
L-lysine was observed. SEM images of the samples collected at different time intervals with
and without poly-L-lysine are given in Fig. 2-14 and Fig. 2-15. In the case of without poly-L-
lysine, initially more spherical vaterite crystals have been formed and it is very clear with in
first 6 hours and after that calcite is the main fraction of the precipitate. After 24 hours,
precipitate mainly consisted with calcite crystals. Therefore, it is look like bacteria mediated
CaCOs precipitation follow osward rule, where least stable phase of polymorphism has higher
solubility and transform into the more stable form with time (Kralj et al., 1994). The
transformation process can be occurred following two process. Unstable phase can be
transformed into the stable form by following the solid states transition or by following the
solution mediated transformation. In solid state transition, internal rearrangement of the crystal
lattice occurs. Solution mediated transformation includes dissolution of the unstable phase and
re-precipitation as the stable phase (Davey and Cardew, 1986). Without XRD data it is difficult
to explain the transformation process of the bacteria mediated precipitation. However,

according to the SEM images it is mostly due to the solution mediated transformation.

In case of with poly-L-lysine, crystal morphology started to change to ellipsoidal shape
from the beginning and it is difficult to find individual rhombohedral or polyhedron crystals.
This provide some evidence that poly-L-lysine provide a backbone for the CaCOs
crystallization and the effect is very rapid. On the other hand, crystal size increased with time
and roughness of the crystal surface have been increased. Increment of the roughness is mainly
due to the precipitation of polycrystalline particles due to the absorbance of the poly-L-lysine
on the crystal surface (Davey and Cardew, 1986).
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Fig. 2-14 SEM images of CaCOs precipitated by bacteria (ODesoo = 0.1) without poly-L-lysine
at different time intervals (a) 2h (b) 4h (c) 6 h (d)8h (e) 24 h
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100pm

Fig. 2-15 SEM images of CaCO3 precipitated by bacteria (ODeoo = 0.1) with poly-L-lysine (10
mg/L) at different time intervals (a) 2h (b)4h (c)6h (d)8h (e) 24 h

2.4.1.1.3. Cytotoxicity of poly-L-lysine on the Pararhodobactor sp.

Cytotoxicity of the poly-L-lysine on the Pararhodobactor sp. was measured by
following the procedure described in the section 2.3.5. Bacteria colonies were detected very
clearly after 48 h for the sample without poly-L-lysine. However, for the samples with poly-L-

lysine, it took 72 h to appear colonies. For the samples with poly-L-lysine larger number of
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smaller colonies were detected after 72 h as shown in Fig. 2-16 (a) compared with sample
without poly-L-lysine (Fig. 2-16(b)). Colony forming unit (CFU) was calculated for the each
and every case and plotted against the time as shown in Fig. 2-17 (a). Same time, relative CFU
was plotted against the time for the different poly-L-lysine concentrations as shown in Fig. 2-
17(b).

Fig. 2-16 Bacteria colonies of the sample (a) With poly-L-lysine (b) Without poly-L-lysine

According to Fig. 2-17, it can be seen that poly-L-lysine inhibits the growth rate of the
bacteria. Inhibition was dominant within first 5 minutes and later maintained approximately
same growth rate. However, finally it produced larger number of smaller size colonies than the
normal case. May be bacteria need some time to adjust into the environment with poly-L-lysine.
This antimicrobial effect of the poly-L-lysine has been reported by some previous researches
(Shimaetal., 2012; Ye et al., 2013).
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Fig. 2-17 Variation of the CFU with time under different poly-L-lysine concentrations (a)
CFU (b) Relative CFU (%)

2.4.1.1.4. Effect of poly-L-lysine on the CaCOs Crystallization by using urease enzyme

Same set of experiments were conducted by using the extracted urease enzyme.
Precipitation tests were conducted by varying the urease concentration in the presence and
absence of the poly-L-lysine. Significant increment of the precipitate can be seen by adding
poly-L-lysine than the case of without poly-L-lysine as shown in the appendix A (Figure 1).
The positive effect of the poly-L-lysine on the CaCOs crystallization is clearer with urease
enzyme than microbial urease. In the case of microbial urease it can contains other kind of
proteins and organic matters which can interact with poly-L-lysine (Kawaguchi and Decho,
2002). Therefore, pure effect of the poly-L-lysine on the CaCOs crystallization couldn’t be
seen.

Morphology of the crystals changed to ellipsoidal shape aggregates in the presence of

poly-L-lysine which is similar to the microbial urease. However, both of the calcite and vaterite
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crystals were obtained without poly-L-lysine while only calcite crystals were obtained by
microbial urease (appendix A- Figure 3). Formation of this metastable phase of CaCO3s may be
due to the higher local supersaturation of the environment which is induced by the urease
enzyme (Lépez et al., 2001).

2.4.1.2. Effect of poly-glutamate on the CaCOs Crystallization by using bacterial urease

Variation of the amount of precipitate with bacteria concentrations in the presence
and absence of the poly-glutamate is shown in Fig.2-18

0.35

0.3 +

0.25 A {

0.2 1 Jr Without poly-glutamate

0.15 A

Precipitate ()

_ With poly-glutamate
0.1 -

(|

0.05 A

0 T T T T
0 0.05 0.1 0.15 0.2 0.25

Bacteria concentration (ODg)

Fig. 2-18 Amounts of precipitate formed at various bacterial concentrations (ODeoo) with or
without addition of poly-glutamate.

Similar to the case with poly-L-lysine, in both of the cases amount of precipitate
increased with the increasing bacteria concentration. However, in contrast to the behavior of
the poly-L-lysine, significant influence from the poly-glutamate on the CaCO3 crystallization
couldn’t be seen. It seems to be poly-glutamate inhibited the CaCOs crystal growth and
nucleation. Most of the acidic polypeptides and polyelectrolytes have been inhibited the CaCO3
crystallization (Manoli et al., 2002; Njegi¢-Dzakula et al., 2010; Njegi¢ Dzakula et al., 2018;
Tong et al., 2003).

In the neutral pH, carboxyl group of the poly-glutamate charged negatively, and it can
bind to the positively charged Ca?* ions very effectively. Therefore, it reduces the interaction
with the CO3?" ions in the reaction mixture and reduces the nucleation and growth of the crystals
(Tong et al., 2003). And on the other hand, interaction between the carboxylate group of the
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acidic polypeptides and the Ca?" ions is coordinative and negatively charged poly anions can
bind to the positively charged faces of the crystals and inhibit the growth of the crystals (Njegi¢-
Dzakula et al., 2010). Njegi¢ Dzakula et al.,(2018) mentioned that retardation of the crystal
growth in the presence of acidic polypeptides is related to their adsorption to the specific crystal
surface. Further, mentioned that growth of the crystals stops at certain supersaturation, when
the distance between the adsorbed molecules smaller than the diameter of the nucleus. In
addition, Polowczyk et al., (2016) have been reported the growth inhibition of the CaCOs in
the presence of ovalbumin. Ovalbumin is negatively charged in the neutral pH and it binds
strongly in to the Ca?* ions and forms a barrier which preventing the growth of the crystals.

According to the SEM images given in Fig. 2-19, in the presence of poly-glutamate
rhombohedral as well as spherical crystals can be seen in the intermediate concentration of the
bacteria. However, at higher bacteria concentrations majority is polyhedron type crystals. As
mentioned in the section 2.4.1.1, reduction of the crystal size with the increasing of the bacteria
concentration can be seen. According to the XRD pattern given in Fig. 2-20, both of the calcite
and vaterite peaks can be seen. Hence, spherical crystals in the precipitate can be classified as
vaterite. Vaterite is the least stable phase of polymorphism and easily transform into the stable
phase of calcite by following the solution mediated-transformation (Kralj et al., 1994). In
contrast to the poly-L-lysine, poly-glutamate has capability to stabilize the meta stable phase
of CaCOs and the effect is clearer in higher poly-glutamate concentrations as shown in Fig. 2-
21.

Formation of vaterite depends on the several factors such as supersaturation of the
solution, reaction rate, reaction temperature, presence of organic/inorganic additives etc.
(Jiménez-Lopez et al., 2002). Among them supersaturation is the main governing factor for the
formation of vaterite crystals and at higher supersaturation most soluble and least stable form
of polymorphism form first (Jiménez-Ldpez et al., 2002; Trushina et al., 2015). Negatively
charged carboxyl group in the poly-glutamate can be bound to the Ca®* in the solution easily
and formed a large-scale local supersaturation in the vicinity which led to formation of the meta
stable form of polymorphism. The effect is clearer for higher poly-glutamate concentrations
due to higher concentration of negatively charged carboxyl groups which led to form higher

fraction of the unstable vaterite than the calcite phase.
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Fig. 2-19 SEM images of CaCO, precipitates at various bacterial concentrations with poly-
glutamate (10 mg/L): (a) ODgoo = 0.01, (b) ODgoo = 0.05, (c) ODgoo = 0.1, and (d) ODgQ0O
=0.2.
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Fig. 2-20 XRD patterns of CaCOg precipitates with poly-glutamate

47



Although, supersaturation affects to the formation of vaterite crystals it can be
transformed to the calcite by following the solution mediated transformation. However, organic
materials have capability to stabilize vaterite crystals without transforming into the calcite
(Trushina et al., 2015). Njegi¢-Dzakula et al., (2010) mentioned that solution mediated
transformation of precipitate can be retarded as a result of crystal growth and/or dissolution
inhibition of the stable and metastable phases and nucleation of the stable phase can be
completely inhibited in higher concentration of additives. Fig. 2-22 illustrate the inhibition of
the solution mediated transformation in the presence of organic additives.

Fig. 2-21 SEM images of CaCO3 precipitated by bacteria (ODsoo = 0.1) at different poly-
glutamate concentrations: (a) 1 mg/L, (b) 10 mg/L, (c) 30 mg/L, and (d) 50 mg/L.
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Fig. 2-22 Stabilization of the metastable phase of CaCOs in the presence of organic
additives (Regenerated by using original figure generated by Dzakula et al.,2010)

2.4.1.2.1. Effect of poly-glutamate on the CaCOs Crystallization by using urease enzyme

Similar to the poly-L-lysine, effect of the poly-glutamate on the CaCOs crystallization
was investigated by using the purified urease enzyme (Jack bean urease). Results are much
similar to the results obtained by using the microbial urease. Results are attached in the
Appendix B. Significant difference cannot be seen between the cases with and without poly-
glutamate and it is look like poly-glutamate acts as an inhibitor to CaCOs crystals to nucleate
and growth. Reason behind the inhibitory effect explained previously. According to the SEM
images, without poly-glutamate both of the rhombohedral shape calcite crystals and spherical
shape vaterite crystals were obtained. With poly-glutamate, precipitate mostly contained
spherical shape vaterite crystals and it is seemed to be vaterite fraction decreased with the
increasing urease concentration. Poly-glutamate actually functioned as an inhibitor for CaCO3
crystallization and have an ability to stabilize the metastable phase of polymorphism by

inhibiting solution mediated transformation.

2.4.2. Effect of the synthetic polypeptides on the sand densification

Since poly-glutamate has a negative effect on the CaCOs crystallization, sand

solidification experiments were conducted only for the poly-L-lysine to check the effects of the
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cationic polypeptides on the loose sand densification. Experiments were conducted for

different types of sands.

2.4.2.1. Sand solidification for Mikawa sand

Mikawa sand classified as poorly graded silica sand with the particle diameter of 0.87
mm. Experiments were conducted for different bacteria injection intervals and every three days
Ca?" ion concentration and the pH of the effluent were measured. Variation of the effluent pH
and the Ca?* ion concentration with time for different samples are given in Fig. 2-23. During
the first few days negligible amount of Ca?*was detected in the effluent in all the samples. After
7 days Ca?* ion concentration gradually increased for the samples without reinjecting of the
bacteria (S1 and S2). However, samples with the reinjection of the bacteria could be maintained
the low effluent Ca?* ion concentration up to 12 days. Lower Ca?* ion concentration in the
effluent (S3 and S4) reflects that more Ca?* was deposited as CaCOs3 in the sand column. In
contrast, higher Ca®* ion concentration in the effluent in the system without reinjecting of
bacteria indicating insufficient consumption of Ca?* ions and low precipitation of CaCOs.
Similarly, pH of the effluent for the samples without reinjecting of the bacteria (S1 and
S2) decreased after 7 days. However, samples with the reinjection of the bacteria could be
maintained the approximately constant pH value up to 12 days and after that started to decline.
During the urea hydrolysis by urease, the pH of the solution increases because of ammonia
formation. Hence, when the urease activity is high, pH of the effluent also exhibited a higher
value. However, urease activity of the bacteria decreased with time due to the deactivation of
the bacteria. During the microbially induced carbonate precipitation, bacteria cells themselves
act as nucleation sites for CaCOs deposition and leading to gradual reduction of the bacteria
urease activity (DeJong et al., 2010). Reinjection of the bacteria helped to maintain the active
cell density and therefore higher pH value could be maintained. On the other hand, pH
influences the urease activity of the bacteria drastically. For Pararhodobactor sp., a significant
loss of activity is seen under acidic (pH < 5) and alkaline (pH > 10) conditions, and the activity
is maximum at around pH 8 (Fujita et al., 2017). Hence, for efficient precipitation of CaCOz3, it
is important to maintain the pH around 7-8. By reinjecting of the bacteria, urease activity could
be recovered, and efficient precipitation could be achieved. Fig.2-24 shows the solidified sand
specimens before and after the UCS measurements.
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Fig. 2-23 Time courses of (a) Ca?* concentration and (b) pH of effluent in sand solidification

tests. (Arrows indicate the time of bacteria reinjection to the sand specimens.)
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Fig. 2-24 Solidified sand specimens after 14 days (a) before UCS measurements and (b)

after UCS measurements.

Estimated UCS values for the solidified sand specimens after 14 days curing are given
in Fig. 2-25. According to the classification system proposed by Shafii and Clough, all the sand
specimens can be classified as strongly cemented (Rab and Clough, 1982). In this classification
system, the cemented soils with UCS value between 1-3 MPa are classified as strongly

cemented soil and a UCS value greater than 3 MPa are classified as soft rocks.
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Fig. 2-25 Estimated UCS values of solidified sand specimens (Mikawa Sand).

For all cases, it can be seen that the strength of the sand column decreased from top
to bottom. This may be due to the higher urease activity near the inlet, caused by accumulation
of the bacteria near the injection point. Oxygen concentration in the vicinity play a significant
role in the activity of the Pararhodobacter sp. since it is an aerobic bacterium. Therefore,
strength of the sand column decreased from top to bottom due to the lower bacterial activity
caused by the lack of the oxygen in the bottom of sand column (Khan et al., 2015).

Even distribution of the bacterial activity throughout the sand column is required to
obtain a homogeneous sample. To achieve a uniform distribution of the bacteria throughout the
sand column, it is important to control the injection rate of the cementation fluid appropriately.
At a low injection rate, immediate cementation can occur near the injection point. Increases the
flow rate beyond the rate of urea consumption, and precipitation will lead to a uniform
distribution of chemicals along the pathway (Mortensen et al., 2011).

Reinjection of the bacteria led to increase the strength of the sand column significantly
than the case without reinjection. Reinjection of bacteria after 7 days effectively maintained a

high urea hydrolysis rate, which directed to higher CaCO3 precipitation and higher UCS. In
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addition, number of other factors can cause a decrease in urease activity over long time periods,
e.g., encapsulation of bacteria as a result of precipitation or being trapped inside pores, a
reduction in chemical transport (nutrients) through pore spaces because of precipitation, and
space limitations caused by saturation of pore fluids and accumulation of metabolic wastes (Al
Qabany et al., 2011; van Paassen, 2009).

Behavior of the poly-L-lysine on the sand solidification is very attractive. By adding
poly-L-lysine strongly cemented sand column with higher UCS value could be obtained than
the conventional case. In sand solidification, to achieve a good strength pore spaces between
the sand particles should be filled efficiently. Also, forming a better bridge between the sand
particles also important for preventing movement of sand grains and improving strength and
stiffness of the specimen (Harkes et al., 2009). Cell adhesion property of the poly-L-lysine
assisted to form a better and efficient bridge between the sand particles. Generally, bacteria
cells have a negatively charged cell surface and sand particles have a negative charge due to
the dissociated silanol groups (—SiO”). Therefore, repulsive force existing between the sand
particles and the bacteria cells. Positively charged poly-L-lysine can acts as a binder and attach
bacterial cells to sand particles, which would promote efficient cementation.

Several other factors also affect to the adsorption of the bacteria on the sand particles
such as ionic strength of the solution and the salinity of the bacterial suspension. The collision
efficiency increases with increasing ionic strength of the solution, and adsorption of bacteria
can be increased by increasing the salinity of the bacterial suspension (Foppen and Schijven,
2005; Harkes et al., 2009). Poly-L-lysine helps to increase the ionic strength of the solution
and improves the adsorption of the bacteria on sand particles which assisted to have a better
cementation. According to the SEM images shown in Fig. 2-26, it can be seen that in the
absence of the poly-L-lysine cementation mainly occurred at the contact point while in the
presence of the poly-L-lysine, sand particle are fully covered with the CaCO3 crystals and better
bridge between the sand particles are formed. Therefore, this provides an evidence that poly-
L-lysine can act as a binder and it facilitates the adsorption of the bacteria cells into the sand
particles.
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Fig. 2-26 SEM images of cemented sand samples: without poly-L-lysine (a,b) and with poly-
L-lysine (c,d).
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Determination of the amount of precipitated CaCOs

Amount of precipitated CaCOz in solidified samples were measured by using the

calcimeter. Precipitated amount of CaCOsis shown in Fig. 2-27 with the estimated UCS values.
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According to the obtained results given in Fig. 2-27(a-d), in all the cases precipitated
amount of CaCOsis directly related to the estimated UCS value. Similarly, in previous studies
also reported the relationship between the estimated UCS value and the precipitated CaCO3
(Amarakoon and Kawasaki, 2017; Danjo and Kawasaki, 2016a). The results revealed that
amount of precipitated CaCOz is the main governing factor of the UCS value. Also, according
to the Fig. 2-27(d) it can be seen that by adding poly-L-lysine, precipitated CaCO3z have been
increased. Therefore, poly-L-lysine assisted to efficient precipitation of CaCOz which led to
achieve better cementation and higher strength than the conventional MICP method.

2.4.2.2. Sand solidification for Toyoura sand

Compared with the Mikawa sand, Toyoura sand is fine grained sand with the particle
diameter of 0.2 mm. Fig. 2-28 shows the estimated UCS values for the Toyoura sand specimens
with and without poly-L-lysine under different bacteria injection intervals. Similar to the case
of Mikawa sand, strength of the solidified sand samples getting decreased along the sample
length and in both of the cases, maximum strength was obtained at the top of the sample. But
in contrast to the case of Mikawa sand significant effect from the reinjection of the bacteria
couldn’t be seen. One of the main disadvantage of the MICP process is, it is not efficient with
the fine grained soils. Fragaszy et al., (2011) mentioned that MICP is more compatible with
the sand with particle size of 0.3-5 mm.

If pore spaces are smaller compared with the size of the bacteria, even distribution of
the bacteria suspension couldn’t be expected and mostly accumulated at the top of the sand
specimen and give only harder top surface. Similarly, very harder top surface could be obtained
by adding poly-L-lysine than the conventional MICP method. SEM images of the solidified
sand specimens with and without poly-L-lysine are given in Fig. 2-29 and poly-L-lysine have
been assisted to form better bridge between the sand particles. This results again revealed that
the positive effect of the poly-L-lysine on sand solidification. Also, it can be a good additive
for MICP mainly for surface treatment such as for erosion prevention and other surface

stabilizing projects.
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Fig. 2-28 Estimated UCS values of solidified sand specimens (Toyoura sand)

Fig. 2-29 SEM images of cemented sand samples: (a) without poly-L-lysine (b) with

poly-L-lysine
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2.4.2.3. Control experiments

Two control samples were analyzed without bacteria. Most interesting finding is
sample with poly-L-lysine and cementation solution could be solidified even without bacteria.
Significant solidification could be seen at the top of the sample as shown in Fig. 2-30 and
sample without poly-L-lysine couldn’t give any solidification. According to the SEM images
given in Fig. 2-31, calcite like crystals have been precipitated. It is look like poly-L-lysine acts
as a template to crystals to nucleate and growth. Even without bacteria, CaCOz have been
deposited by chemical precipitation between the NaHCO3z and CaClo.
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Fig. 2-30 Estimated UCS values of sand specimens without bacteria

Fig. 2-31 SEM image of the solidified sand specimen with poly-L-lysine and without
bacteria
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2.4.2.4. Fixation of bacteria on the sand surface in the presence of poly-L-lysine

As mentioned earlier, poly-L-lysine acts as a binder to attach bacteria cells into the sand
surface. To prove this hypothesis number of bacteria in the out let of the sand solidification
experiment were investigated in the cases of with and without poly-L-lysine. Out let collected
from the 2" day was inoculated in the Zobell 2216E agar plates and checked the number of
colonies after 3 days. According to the observations, higher number of colonies were detected
for the sample without poly-L-lysine while with poly-L-lysine lower number of colonies were

detected as shown in Fig. 2-32.

Fig. 2-32 Bacteria colonies in the outlet of the solidification experiment with and
without poly-L-lysine with dilution (a) 10? (b) 10° (c) 10*

Detection of the lower number of colonies in the presence of poly-L-lysine reflects that
the higher absorbance of the bacteria cells into the sand particles. Hence, lower number of

bacteria cells were washed out through the outlet.
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2.5. Conclusion

Effects of the synthetic polypeptides on the CaCOs crystallization and sand
densification was examined by using the MICP process. Precipitation experiments were
conducted with and without polypeptides under different experimental conditions.
Investigations were done separately by using a cationic polypeptide; poly-L-lysine and an
anionic polypeptide; poly-glutamate.

It was found that poly-L-lysine has positive effect on the CaCO3 crystallization while
poly-glutamate has negative effect. Higher amount of precipitate could be obtained by adding
poly-L-lysine than that of without polymer. With poly-L-lysine, morphology of the crystals
changed drastically into ellipsoidal shape aggregates. Formation of the ellipsoidal shape
crystals is mainly due to the conformational change of the poly-L-lysine chain under the
alkaline condition.

One of the most interesting finding is the positive effect of the poly-L-lysine on sand
solidification. By adding poly-L-lysine strongly cemented sand specimen with higher UCS
value could be obtained than without adding poly-L-lysine. Adhesion property of the positively
charged poly-L-lysine play a vital role to adsorb negatively charged bacteria cells into the
negatively charged sand particles and form a better bridge between the sand particles.

Significant effect from the poly-glutamate on CaCOs crystallization couldn’t be seen
and poly-glutamate inhibited the nucleation and growth of CaCOs; by capturing Ca?* ions by
negatively charged carboxylic group. Also, poly-glutamate inhibited the solution mediated
transformation of the unstable phase and stabilized the metastable phase of polymorphism.

Therefore, with poly-glutamate vaterite crystals were dominant.
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CHAPTER 3.EFFECT OF THE NATURAL BIOPOLYMER ON THE CaCO3
CRYSTALLIZATION AND THE SAND SOLIDIFICATION BY USING MICP
METHOD

3.1. Introduction

In nature, formation of biominerals are mainly associated with the organic
macromolecules and these organic materials provide structural support, protection and strength
for the organisms. Among the organic macromolecules, polysaccharides are mostly associated
with the biomineral formation. Polysaccharides are higher molecular weight polymers of
monosaccharide which are joined by glycosidic bonds (Choct, 1997). Polysaccharides can be
found in most of the living systems as a structural material and as an energy storage system.
Therefore, polysaccharides have been roughly classified as storage polysaccharides and
structural polysaccharides (M.Partain, 2000). Among the structural polysaccharides, chitin and
cellulose are the mostly abundant natural polysaccharides.

Chitin can be widely found in nature, mainly in exoskeleton of arthropods, marine
diatoms, and certain types of algae (Nistico, 2017; Yang, 2011). Also, chitin mainly associated
with the formation of biogenic minerals. One of the best example is nacre of mollusca, in which
CaCOs is deposited upon the organic matrix of silk- fibroin like protein and polysaccharide
chitin (Munro et al., 2011; Munro and McGrath, 2012). This organic-inorganic hierarchical
structure provides a better mechanical strength for the organisms (Stephen Mann, 2001).

However, chitin has limited number of field applications due to its huge insolubility
and complications in processing. Therefore, number of byproducts have been developed from
chitin which can be used for number of field applications. Chitosan is one of the most important
derivative of chitin which is obtained by the deacetylation of the chitin by chemical hydrolysis
under different alkaline conditions or by enzymatic hydrolysis (Croisier and Jérome, 2013).
Chitosan is a linear, semi-crystalline polysaccharide composed of (1—4)-2-acetamido-2-
deoxy-b-D-glucan (N-acetyl D-glucosamine) and (1—4)-2-amino-2-deoxyb-D-glucan (D-
glucosamine) units (Croisier and Jérdme, 2013; Kumirska et al., 2011). Chemical structures of
chitin and chitosan are given in Fig. 3-1.
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Fig. 3-1 Chemical structure of (a) Chitin (b) Chitosan

Chitosan is the only cationic natural polysaccharide which is charged positively in the
diluted acidic environments (pH < 6.5) (Liu et al., 2015; Wang and Heuzey, 2016). Compared
with other natural polysaccharides, chitosan has excellent biological properties such as
biocompatible, biodegradable, non-toxic, antioxidant activity, mucoadhesion etc. Due to these
admirable biological properties, chitosan has been used in number of industrial applications
mainly, medical and pharmaceutical, agriculture and waste water engineering field (de Queiroz
Antonino et al., 2017; Montembault et al., 2005; Rami et al., 2014). However, applications of
the chitosan in geotechnical engineering is very rare and fewer number of research works have
been carried out recently to check the applicability of the chitosan on soil stabilization.

Previously, Hataf et al.,(2018) have been investigated the stabilization of the clayey
soils by using chitosan. They found that the chitosan can enhance the interparticle cohesion
and therefore could be increased the mechanical properties of soils. However, in dry condition
cohesive gel shrunk and converted to brittle which lead to reduce the bond strength.
Kavazanjian et al., (2009) have been investigated the applicability of chitosan for wind erosion
prevention and found that it has better ability to prevent wind erosion and also remained

effective even under the summer temperatures. These literatures revealed that chitosan can acts
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as a better stabilizer. Hence, our interest is introducing chitosan into the MICP process to mimic
the organic matrix mediated biomineralization.

As described in the Chapter 2, cationic polypeptide poly-L-lysine has excellent
capability to improve the efficiency of the MICP process. However, poly-L-lysine is bit
expensive and it is not practical to use for large scale applications. Chitosan is a natural polymer,
cheap and widely available in nature. Therefore, use of chitosan would be helped to improve

the efficiency of the MICP process very effectively.

3.2.  Objectives

Investigate the effect of chitosan on the CaCOg crystallization, and its polymorphism and
morphology by using MICP and EICP. In addition, performance of chitosan on weak sand

densification also examined.

3.3. Materials and methods

3.3.1. Preparation of bacterial cell culture

Experiments were conducted by using the ureolytic bacterium, Pararhodobacter sp.,
which is a gram-negative bacterium with high urease activity (Danjo and Kawasaki, 2016a;
Khan et al., 2015), isolated from beach sand in Sumuide, Nago, Okinawa (Danjo and Kawasaki,
2016b). Bacterial cell culture was prepared by using the same method described in the section
2.3.1.

3.3.2. Preparation of chitosan solution
Chitosan with degree of deacetylation 80%, purchased from the Wako Pure Chemical
Industries Ltd. (Tokyo, Japan) was used for these experiments. Solution of 1% chitosan was

prepared by dissolving chitosan powder in 1% acetic acid solution. After complete dissolution,
chitosan solution was neutralized at pH 6.8 by using 0.1 M NaOH solution.
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3.3.3. Precipitation of CaCOs

CaCOgz precipitation experiment was conducted with and without chitosan under
different experimental conditions. Pararhodobacter sp. cells were added to a substrate solution
containing urea (0.3 mol/L) and CaCl, (0.3 mol/L), in the presence or absence of chitosan. The
reaction mixture (10 mL) was shaken at 30 °C and 160 rpm for 24 h. CaCOs precipitate was
separated from the supernatant by centrifugation (24 °C, 12000 rpm, 10 min) and oven dried
at 90 °C for 24 h. Then dry weights of the precipitates were measured. Experiments were
conducted at various bacterial concentrations (ODsoo = 0.01— 0.1) in the presence (0.03%) or
absence of chitosan. Effect of the chitosan concentration on the CaCOs precipitate was also
measured. All experiments were done in triplicate and mean value was plotted. In addition, to
check the interaction of the chitosan with the urea and CaCl; control precipitation experiment

was conducted by varying chitosan concentration (0-0.15%) without adding bacteria.

3.3.4. Precipitation of CaCOs by urease enzyme

Similar to the synthetic polypeptides, precipitation experiments were conducted by
using the extracted urease enzyme (jack bean urease) in the presence of urea and CaCl..
Experiments were conducted for different urease concentrations (0 — 2.1%) in the presence
(0.03%) or absence of chitosan to check the actual behavior of the chitosan on urease enzyme
since bacterial urease contains lot of other organic matters which can influence the behavior of
the chitosan. Effect of the chitosan concentration (0 —0.15%) on the CaCOs crystallization was

also examined (urease concentration-0.3 U/ml). All experiments were done in triplicate.

3.3.5. X-ray diffraction and scanning electron microscopy analyses

Polymorphism and the morphology of the precipitated CaCO3 crystals were analyzed
by using X-ray diffraction (XRD; MiniFlex™, Rigaku Co., Ltd., Tokyo, Japan) analysis and
scanning electron microscopy (SEM; Miniscope TM3000, Hitachi, Tokyo, Japan).

3.3.6. Sand solidification in syringe

Sand solidification experiments were conducted in 35 mL syringes with and without
chitosan by using the method previously described (Danjo and Kawasaki, 2016a). Laboratory
scaled sand solidification experiments were conducted for oven dried Mikawa sand. Sand was

placed into the syringe as three layers and each layer was subjected to 20 hammer blows. Firstly,
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bacteria suspension (16 mL) was injected into the syringe and kept 10-15 min to allow the
fixation of bacteria into the sand particles. Subsequently, the cementation solution (20 mL; 0.3
M urea, 0.3 M CaCl,, 0.02 M sodium hydrogen carbonate, 0.2 M ammonium chloride, and 3
g/L nutrient broth) was injected into the syringe and the solution drained out from the outlet,
leaving 2 mL of the solution above the surface to maintain the sand in saturated condition.
Experiments were conducted under different concentration of the chitosan and the
various bacteria injection intervals as given in the Table 3-1. In one set, bacteria were injected
only once on the first day and chitosan was injected on the 8" day. In another set, the bacteria
were injected twice, i.e., on the first day and again after 7 days, and the chitosan was injected
on the 11" day. After 14 days, UCS values of the cemented samples were determined by using
the needle penetration device following the same procedure described in the section 2.3.6.
Amount of precipitated CaCOs also determined by using the calcimeter using the

procedure described in the section 2.3.7.

Table 3-1 Experimental conditions for the sand solidification test with and without chitosan

Chitosan Bacterial injection
S1 - once °
S2 0.15 % ? once
S3 03%?2 once °
S4 - twice ©
S5 0.15%*% twice ©
S6 0.3%? twice ©

nitial concentration of the chitosan solution applied to the column in the solidification test.
b Injection of bacterial culture only at the beginning of the solidification test.

¢ Injection of bacterial culture at the beginning and after 7 days of the solidification test.
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3.4. Results and Discussion

3.4.1. Effect of chitosan on the CaCOs Crystallization

3.4.1.1. Effect of chitosan on the CaCOs Crystallization by using bacterial urease

Fig. 3-2 shows the variation of the amount of CaCOs precipitate with and without
chitosan under different bacteria concentrations.
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Fig. 3-2 Amounts of precipitate formed at various bacterial concentrations (ODeoo) With or
without addition of chitosan

Results are bit similar to the behavior of poly-L-lysine. Amount of precipitate increased
with the bacterial concentration in both of the cases. Increase in urease activity of the
Pararhodobacter sp. with the increasing cell concentration led to rapid nucleation and growth
of the crystals and produced larger amount of CaCOs3 (Fujita et al., 2017; Nawarathna et al.,
2018). Similar to the poly-L-lysine, higher amount of precipitate could be obtained for the
system with chitosan than that of without chitosan and effect is clearer with lower bacteria
concentrations.

Precipitate with chitosan consisted two main components, precipitated CaCOsz and
precipitated chitosan hydrogel. Chitosan can form its hydrogel under weak alkaline conditions
since its pKa value is approximately 6.5 (Inshu et al., 2006; Kumirska et al., 2011; Liu et al.,
2015). When pH of the solution is lower than the pKa value of the amino groups in the chitosan,
amino groups are protonated and offer a positive charge for the chitosan (Jozwiak et al., 2016;

Liu etal., 2015). Similarly, when increasing the pH above the 6.5, amino groups in the chitosan
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chains are deprotonated and formed its hydrogel (Kumirska et al., 2011; Nilsen-Nygaard et al.,
2015) as shown in Fig. 3-3.

Fig. 3-3 Formation of the chitosan hydrogel under different pH conditions

During the hydrolysis of urea, ammonia was formed and it led to increase the pH of the
reaction mixture. However, after some time pH started to decrease due to the CaCOs
precipitation as shown in Fig. 3-4 and pH of the reaction mixture after the 24 hours
approximately 7.1. This weak alkaline condition is more favorable for chitosan to precipitate
as its hydrogel by the hydrogen bonds and hydrophobic interaction between molecules (Nilsen-
Nygaard et al., 2015; Rami et al., 2014).
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Fig. 3-4 Variation of the pH of the reaction mixture with time in the presence and absence of
the chitosan
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As mentioned in the Chapter 2, most of the acidic poly-peptides inhibit the CaCOs
nucleation and growth while basic poly-peptides promote the CaCOs crystallization. Chitosan
also didn’t interfere with the CaCOs crystallization and assisted to its nucleation and growth.
Interaction between the chitosan and CaCOs crystals is bit difficult to explain and further
investigations are needed. However, it is not electrostatic interaction because chitosan is
electroneutral under weak alkaline condition.

Morphologies of the crystals in the presence of the chitosan under different bacteria
concentrations are given in Fig. 3-5. As shown in the Fig. 3-5(a) at lower bacteria
concentrations, good rhombohedral crystals with chitosan hydrogel was precipitated. With the
increase of the bacteria cell concentration, crystal shape deformed gradually. Finally, at higher
cell concentrations, distorted-shaped larger crystals with poly crystalline particles were formed
as shown in Fig. 3-5(c-1). In addition, spherical crystals can be seen at higher cell

concentrations.

100 v

Fig. 3-5 SEM images of CaCO, precipitates at various bacterial concentrations with chitosan
(0.03 %) (a) ODgoQ = 0.01, (b) ODgoO = 0.05, (c-1) ODgoo = 0.1 and (c-2) spherical vaterite

crystals
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It is a well-known factor, that chitosan has ability to make complexes with certain metal
ions. The amino groups and the hydroxyl groups presence in the chitosan are contributed to the
metal adsorption through chelation and sorption (Benavente, 2008; Nie et al., 2016). Ca?* ions
can absorb into the chitosan hydrogel by hard acid-hard base reaction. According to the Lewis
acid-base classification, Ca?* is classified as a hard acid and R-NH: groups classified as hard
base (Pearson, 1968). Ca?* ions are embedded into the chitosan hydrogel due to this acid-base
interaction and provide nucleation sites for CaCOz crystals to nucleate and grow (Greer et al.,
2017).

At lower bacteria concentrations, lower amount of precipitation was formed due to
lower urease activity. Hence, both of the individual chitosan hydrogel and good rhombohedral
calcite crystals can be seen at lower cell concentrations. Similarly, at higher bacteria cell
concentrations, higher amount of precipitate was formed due to the associated higher urease
activity (Nawarathna et al., 2018) and distorted shape crystal agglomerations and spherical
crystals are dominant. In addition, polycrystalline particles can be seen on the surface of the
crystals and this may be due to the binding of the -OH and -NH> functional groups of the
chitosan on to the surface of the crystals. Adsorption of the functional groups on to the crystal
surface repressed the growth of the individual crystals and accumulated to form polycrystalline
particles (Greer et al., 2017). According to the XRD pattern given in Fig. 3-6, spherical crystals
can be classified as vaterite.

As mentioned in the Chapter 2, vaterite is the least stable phase of CaCOs3 and easily
transformed into the stable form (Jiménez-Lopez et al., 2002). Formation of vaterite crystals
is mainly associated with the supersaturation of the reaction mixture and higher supersaturation
is more favorable for the formation of meta stable form of crystals (Jiménez-Lopez et al., 2002;
Trushina et al., 2015). Generally, supersaturation of the reaction mixture is related to its
viscosity and at higher viscosity, supersaturation of the reaction mixture is relatively high due
to the enrichment of local ion concentration (Svenskaya et al., 2018). In the presence of
chitosan, viscosity of the reaction mixture is relatively higher and it led to increase the

supersaturation of the reaction mixture and formation of the vaterite crystals.
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Fig. 3-6 XRD pattern of CaCO3 precipitates with chitosan

With time vaterite crystals convert into its stable form by following the solution mediated
transformation. However, organic materials have a capability to stabilize the vaterite crystals
by inhibiting the solution mediated transformation (Falini et al., 1998; Ouhenia et al., 2008).
Generally, organic materials have several functional groups and can easily interact with the
calcium and the carbonate ions in the solution and reduce the free ions in the solutions. This
led to reduces the nucleation rate and promote the formation of vaterite crystals (Trushina et
al., 2015). Similar phenomena can be applied for the chitosan also. In the presence of chitosan,
Ca?" ions are embedded into the chitosan hydrogel by hard acid hard base reaction (Pearson,
1968) and reduced the available free ions in the solution which encourage the formation of

meta stable crystals.

3.4.1.1.1. Rate of precipitation

Fig. 3-7 shows the rate of precipitation with and without chitosan. By adding chitosan,
precipitation rate has been accelerated and it is dominant within first 2 days. After that, same
precipitation rate has been maintained in both of the cases. In the case of with chitosan, higher
amount of precipitate was obtained in the initial stage. It reflects the rapid formation of chitosan
hydrogel under the alkaline conditions. However, pH of the reaction mixture getting decreased
with time due to the precipitation of the CaCOgz. Therefore, hydrogel is formed at the initial
stage of the reaction. Morphology changes of the precipitate with chitosan at different time

intervals are given in Fig. 3-8.
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3.4.1.1.2. Effect of the chitosan concentration

Effect of the chitosan concentration on the CaCOs crystallization was investigated by
varying the chitosan concentration under constant cell concentration (ODsoo - 0.1). As shown

in Fig. 3-9, amount precipitate increased slightly with the chitosan concentration.
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Fig. 3-9 Variation of the amount of precipitate with the chitosan concentration

Increment of the precipitate with the chitosan concentration is mainly due to the
increment of the chitosan hydrogel rather than the CaCOsz. When increase the chitosan
concentration, distance between the chitosan chains decrease due to the presence of excess
amount of chitosan chains. This facilitate the easy interaction between the chains and formed
higher amount of precipitate through inter molecular hydrogen bonds (Liu and Li, 2018). Fig.
3-10 shows the variation of the crystal morphology with the chitosan concentration.

At lower chitosan concentrations, both of the spherical and polyhedron type crystals
have been formed and at higher chitosan concentrations, larger polyhedron crystals were
formed with the individual chitosan hydrogel. Interestingly, at the intermediate concentrations,
distorted shaped spherical and polyhedron crystals can be seen. Presence of the spherical
crystals at lower chitosan concentration and disappear at higher chitosan concentrations implies
that crystals have been subjected to the solution mediate transformation. Distorted shaped of
crystals present in Fig. 3-10(b) provide evidence for the solution mediate transformation of the

meta stable phase of crystals.

77



Fig. 3-10 SEM images of precipitated by bacteria (ODeoo = 0.1) at different chitosan
concentrations: (a) 0.003%, (b) 0.03% and (c) 0.15%.

Due to the high solid content and the limited diffusivity, initially both of the vaterite
and calcite crystals were formed (Kosanovi¢ et al., 2011). Then vaterite crystals started to
dissolve and re-precipitated on the calcite crystals. When supersaturation of the reaction
mixture drops below the solubility of the vaterite crystals, dissolution of the vaterite crystals
start (Kralj et al., 1994). It looks like higher chitosan concentrations, accelerate the conversion
of the metastable phase into the stable phase. Formation of larger size distorted shaped crystals
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may be due to the adsorption of the functional groups of the chitosan onto the crystal surface
(Greer et al., 2017).

3.4.1.1.3. Control experiment without bacteria

Control experiment was conducted only with urea, chitosan and CaCl, without bacteria
for different chitosan concentrations. Amount of precipitate increased with the chitosan
concentration as shown in the Fig. 3-11. Increase of the precipitate with the chitosan
concentration mainly due to the increase of the chitosan hydrogel. As explained earlier at higher
chitosan concentrations, more chitosan chains are present. Hence, distance between the two
chains reduced which helped to form chitosan hydrogel easily through hydrophobic interaction
(Liu and Li, 2018). One of the interesting point noted is, in addition to the chitosan hydrogel
some kind of crystals have been precipitated as shown in the SEM images in Fig. 3-12. Mostly
this precipitate can be Ca(OH). or CaCO3. Ca(OH)2 can be formed due to interaction of the
Ca?" with OH" group. Then due to the interaction of the Ca(OH). with the CO;, there is a
possibility to form CaCOz (Nie et al., 2016).

0 I I I
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Fig. 3-11 Variation of the amount of precipitate with the chitosan concentration without
bacteria
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Fig. 3-12 SEM images of the precipitate with chitosan without bacteria

3.4.1.2. Effect of chitosan on the CaCOs Crystallization by using extracted urease
enzyme

To understand the behavior of the chitosan on the CaCOs crystallization, CaCO3
precipitation experiments were conducted by using the extracted urease enzyme (jack bean
urease) with and without chitosan. In contrast to the microbial cell urease, the positive effect
of the chitosan on the CaCOz crystallization is clearer with the extracted urease enzyme.
Results are attached into the appendix C. Also, significant increment of the precipitate with the
chitosan concentration can be seen.

According to the SEM and XRD results, without chitosan both of the polyhedron calcite
crystals and spherical vaterite crystals were formed. In the case of with chitosan, similar to the
microbial cell urease at lower urease concentration good rhombohedral crystals were
precipitated with the chitosan hydrogel. As explained in the section 3.4.1.1, chitosan forms its
hydrogel under alkaline condition and during the urea hydrolysis reaction mixture can maintain
weak alkaline condition as shown in the Fig. 3-13. At higher urease concentrations, distorted
shape larger crystals were formed with the polycrystalline particle. The polycrystalline particle
appeared on the surface of the crystals are mainly due to the adsorption of the functional groups
of the chitosan onto the crystal surface. Similar to the microbial cell urease, with chitosan both
of the vaterite and calcite crystals were formed.
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3.4.2. Effect of chitosan on sand solidification

Laboratory scaled sand solidification experiments were conducted in syringe with and
without chitosan under different chitosan concentrations and the different bacteria injection
intervals as given in the Table 3-1. In contrast to the poly-L-lysine, chitosan is bit toxic to the
bacteria (Goy et al., 2009). Also, initial formation of hydrogel may be blocked the penetration
of the cementation solution. Hence, considering above facts, different time schedules were
suggested to inject chitosan into the samples.

Fig. 3-14 shows the estimated UCS values for the solidified samples and according to
the classification system proposed by Rab and Clough (1982) all the specimens can be
classified as strongly cemented samples since strength values are in the range of 1-3 MPa. As
similar to the poly-L-lysine, strength of the samples decreases from top to bottom. This is
mainly due to the accumulation of the bacteria at the top of the sand specimen and decrease it
along the length of the sample. Higher amount of bacteria near the inlet course to higher urease
activity and produced higher amount of CaCOs. The main reason behind this is lack of oxygen
at the bottom of the samples. Since Pararhodobactor sp. is an aerobic bacteria, bacterial
activity decrease with the depth due to lack of oxygen (Khan et al., 2015).
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Fig. 3-14 Estimated UCS values of solidified sand specimens with and without chitosan.

As described in the section 2.4.2.1, by reinjection of the bacteria, higher strength could
be achieved than that of without reinjecting. Approximately, 96% of strength increment was
achieved for the top of the sample by adding chitosan and without chitosan strength increment
was around 76%. By reinjecting of the bacteria, higher urea hydrolysis rate can be maintained
throughout the experimental period. It assisted to higher CaCOs3 precipitation and better
cementation between the sand particles (Nawarathna et al., 2018).

By adding chitosan, strongly cemented sand specimen could be obtained than that of
without chitosan. Compared with the case of without chitosan, UCS of the top of the sample
has been increased by 38%. In sand solidification, to achieve a better cementation pore spaces
between the sand particles should be filled effectively and better bridge should be formed
between the sand particles (Harkes et al., 2009). Hydrogel formed by chitosan under the
alkaline condition assisted to form better bridge between the sand particles. Thicker hydrogel
was formed under the higher chitosan concentrations, which led to form better bridge.
Therefore, better cementation and strength could be achieved. As mentioned earlier, selection
of the suitable time to introduce chitosan also important. Initially, experiments were conducted
by introducing the chitosan at the beginning. However, it didn’t give good results due to the

early formation of chitosan hydrogel and blocked the penetration of the cementation solution.
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It led to form lower CaCOs precipitation. Therefore, in the experiment with bacteria injection
twice, the injection of the chitosan on the 11" day was successful and the injection of the
chitosan during the 8" day was efficient for the specimens with single dose of bacterial
injection.

Fig. 3-15 shows the amount of precipitated CaCOz and the estimated UCS values in the
solidified samples. For all the cases, UCS values are directly related to the precipitated amount
of CaCOs. Similar kind of relationships between the UCS and precipitated CaCOz have been
found by previous researchers (Amarakoon and Kawasaki, 2017; Whiffin et al., 2007).
According to the Fig. 3-15(e), with the increase of the chitosan concentration amount of
precipitated CaCOs also increased. It provides an evidence that chitosan assisted for efficient
precipitation of CaCOs between the sand particles.

Without addition of the chitosan, cementation mainly occurred at the contact point of
sand particles as shown in Fig. 3-16(a) and it is mainly due to the lower adsorption of bacteria
onto the sand surface. In contrast, entire sand surface was covered with CaCOs in the case of
with chitosan as shown in Fig. 3-16 (b-1). Formation of the chitosan hydrogel has provided an
extra support to make a better bridge between the sand particles as shown in Fig. 3-16 (b-2).
Also, chitosan acts as a template for CaCOgz crystals to nucleate. It assisted to proper
distribution of the CaCOs throughout the sand surface and achieve better cementation than the

conventional method.
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Fig. 3-16 SEM images of the cemented sand specimens: (a) without chitosan (b) with chitosan
(0.3%).

3.5. Conclusion

Effect of the natural polysaccharides (chitosan) on the CaCOs crystallization and its
morphology and polymorphism was studied by using the MICP and EICP methods. According
to the results obtained from both of the MICP and EICP, chitosan has an ability to upgrade the
CaCOs3 formation efficiency. By adding chitosan, higher amount of precipitate could be
obtained. However, precipitate consisted both of precipitated CaCOsz and precipitated chitosan
hydrogel. At lower bacteria cell concentrations, good rhombohedral crystals with individual
chitosan hydrogel was obtained while at higher cell concentrations distorted shaped larger
crystals were obtained. Chitosan acts as a template for the CaCOs crystals to nucleate due to
adsorption of the Ca?* ions into the chitosan hydrogel.

XRD results confirmed that with chitosan, precipitate contained both of the calcite
and vaterite crystals while without chitosan only calcite crystals were obtained. Formations of

the vaterite crystals are related to the supersaturation of the reaction mixture and increase of
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the supersaturation of the reaction mixture by adding chitosan led to the formation of vaterite
crystals. In addition, chitosan hydrogel helped to achieve better cementation during the sand
solidification by efficient bridge formation between the sand particles. Therefore, higher UCS
value could be achieved by adding chitosan and it is dominant with higher chitosan

concentrations.
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CHAPTER 4.DEVELOP A NOVEL FUSION PROTEIN TO FACILITATE
ORGANIC-INORGANIC HYBRID MATERIAL FORMATION

4.1. Introduction

Biomineralization can be simply defined as a process of crystal nucleation and growth
which is controlled by the organic macromolecules (Stephen Mann, 2001). Biominerals are
composite materials which contain inorganic minerals and organic macromolecules such as
protein, polypeptides and polysaccharides. In detail, biominerals can be defined as organic-
inorganic hybrid materials which is an essential component in living organisms to support
specific functions (Arakaki et al., 2015; Kumagai et al., 2012). Biominerals are formed under
the mild conditions at near neutral pH and ambient temperature (Arakaki et al., 2015) and use
them as hard tissues such as teeth, bones, lens and exoskeletons. Hydroxyapatite in bones and
teeth of mammals (Dorozhkin and Epple, 2010), calcium carbonate in molluscan shells
(Stephen and Lia, 1997), amorphous silica in diatoms (Chambers et al., 1999) and marine
sponges (Shimizu et al., 2002) are some examples for the biomineral formation.

Among the biominerals, 50% of are calcium bearing minerals and calcium carbonate is
the most dominant type of biomineral available in nature (DeOliveira and Laursen, 1997).
Mollusk shells, exoskeleton of the crustacean, coccolith of coccolithophores and egg shells are
mainly consisted with CaCOs. Compared with the non-biogenic minerals, biominerals have
extensive physical and optical properties mainly due to the organic-inorganic hierarchical
structure (DeOliveira and Laursen, 1997; Gebauer et al., 2009). Biominerals have capability to
lower the activation energy of the crystal formation (Masica et al., 2010). One of the best
example available in nature for the biomineral formation is nacre of the mollusk shell in which
strength is 3000 times higher than that of pure aragonite (Jackson et al., 1990).

In nacre, inorganic plate like aragonite crystals are deposited in between the pre-
organized chitin sheets and formed a brick and motor structure. This brick and motor structure
is the reason for the extensive mechanical strength of the nacre (Sun and Bhushan, 2012). As
mentioned earlier, organic macromolecules such as proteins, polysaccharides and polypeptides
are playing an important role in the biomineralization and these biomacromolecules are
contributed to exhibit higher mechanical strength compared with the non-biogenic minerals.
Also, these macromolecules control the formation of the minerals with nano-structural
regularity, specific crystallographic phase, morphologies and orientations. Another important

thing is the higher fracture resistance of the biominerals (Sudo et al., 1996). Also, higher
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toughness associated with the organic-inorganic hierarchical structures make it more feasible
for certain types of industrial applications than the non-biogenic minerals which are more
brittle (Launey and Ritchie, 2009).

Due to these excellent physical and optical properties associated with the biominerals,
scientists and researchers have moved to mimic the concept of organic matrix mediated
biomineralization to synthesize organic-inorganic hybrid materials which can be benefited for
number of industrial applications such as biomedical engineering and tissue engineering. To
date, number of proteins have been identified from the different species which are associated
with the formation of CaCOs biominerals (Inoue et al., 2001; Lakshminarayanan et al., 2002).
However, applications of the organic-inorganic composite materials in the geotechnical and
civil engineering are still not developed and our target is develop a novel fusion protein which
can be facilitated to produce organic-inorganic hybrid material for geotechnical applications.

Concept is inspired from the nature from the cray fish. Exoskeleton of the cray fish
exhibits higher mechanical strength, ductility and toughness due to the associated organic-
inorganic hierarchical structure. When examine the exoskeleton of the cray fish deeply, CaCO3
have been deposited upon the chitin matrix at the interface by the assistance of acidic peptide
(CAP-1) as shown in the Fig. 4-1 (Kumagai et al., 2012; Sugawara et al., 2006). CAP-1 has
three specific features, first, it has a “Rebers-Riddiford” consensus sequence which is assisted
for binding to the chitin, second, CAP-1 has highly acidic property due to the associated seven
acidic amino acids in the C terminal and it has a phosphoserine residue at the 70" position
which is aided to stabilize the amorphous phase (Iconomidou et al., 2001; Rebers and
Riddiford, 1988; Sugawara et al., 2006).
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Peptide: CAP-1

Chitin Binding Site
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Fig. 4-1 Internal structure of the exoskeleton of the cray fish
(Regenerated by modifying the original image created by Kumagai et. al.,2012)

Also, it has been reported that CAP-1 inhibited CaCO3z precipitation and has anti
calcification properties due to higher acidity. However, during the post molt stage CAP-1 is
expressed in the epidermal tissue where calcification take place (Inoue et al., 2001).

Our target is mimicking this concept in order to produce novel fusion protein to
facilitate organic matrix mediated biomineralization. Proposed fusion protein has calcium
binding site and the chitin binding site which would be assisted to efficient precipitation of the
CaCOs on the chitin matrix. Chitin binding domain from the chitinase A1 from Bacillus
circulans WL-12 was used as the chitin binding site and short sequence calcium binding peptide

was used as calcium binding site.

4.1.1. Chitin binding domain

Chitin is a one of the most abundant, highly insoluble linear natural polysaccharide
composed with the chain of B-1, 4-linked Nacetylglucosamine (GIcNAc) units (Honda et al.,
2017; Lobo et al., 2013; Svitii and Kirchman, 2016). Chitin is degraded rapidly by chitinolytic
enzymes such as chitinases and B-N-acetylhexosaminidases. Chitinase belong to the glycoside
hydrolase families 18 and 19 and catalyzes the degradation of the chitin (Neeraja et al., 2010;
Vogt et al., 2018). Chitinase can be found in number of species who produce chitin for cell
wall or exoskeletons such as fungi and arthropods. Some bacteria who do not synthesize chitin
also produce chitinase for the purpose of consumption of chitin as an energy and carbon source

(Vogt et al., 2018). Chitinase has multi domain structures, basically consists with catalytical

93



domain and the chitin binding domain. Chitin binding domain is assisted to bind the enzyme
into the insoluble chitin while catalytical domain is functioning as degrade the chitin (Beier
and Bertilsson, 2013; Raikhel and Lee, 1993). Aalten et al., (2001) mentioned that chitin
binding and catalytic modules generate a continuous substrate binding site formed by surface
of aromatic residues, which direct the substrate into the enzymes active site. Chitin binding
domain from the chitinase Al from Bacillus circulans WL-12 was used for our experiment
(Hashimoto et al., 2000; Ikegami et al., 2000). Tertiary structure of the chitin binding domain
of chitinase Al is given in the Fig. 4-2.

Fig. 4-2 Schematic ribbon drawing of the chitin binding domain of chitinase Al
(PDB ID (1EDY))

4.1.2. Calcium binding peptides

Recently, solid binding peptides have gained much attention as a molecular building
block in nano-biotechnology. Solid binding peptides are defined as short amino acid sequences
that has binding affinity for the surface of solid materials (Care et al., 2015). These solid
binding peptides are mainly used in the formation of hybrid materials (Nguyen et al., 2014). In
addition, used in immobilization of functional proteins (Johnson et al., 2008) and improve the
compatibility of the nanomaterials (Zhang et al., 2012). Among the solid binding peptides,
calcium binding peptides have been used extensively for the formation of organic-inorganic
hybrid materials. Calcium binding peptides can be defined simply as short amino acid
sequences which have binding affinity to calcium carbonate (Gebauer et al., 2009; Nayebi et

al., 2017).
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Calcium binding peptide with a higher affinity for the CaCOz which was derived from
the phage-display technology was used for our experiment (Gaskin et al., 2000; Sarikaya et al.,
2003). Fusion protein was constructed by introducing calcium binding peptide into the “N”

terminal of the chitin binding domain while his tag was introduced in to the “C” terminal.

4.2. Objectives

Construction of a genetically modified fusion protein which can be used to produce
organic-inorganic hybrid materials by efficient precipitation of the CaCOs3 upon the insoluble
chitin matrix as given in Fig. 4-3. In addition, investigate the influence of the fusion protein
(CaBP-ChBD), chitin binding domain (ChBD) and the calcium binding peptide (CaBP) on the
CaCOg crystallization and the morphology of the crystals by using the enzyme induced

carbonate precipitation method.

Ca CO,

CaBP ChBD
Urease

< .4.‘ c |
s \H\wi

Ca Chitin

Fig. 4-3 Schematic of precipitation of CaCOs directed by CaBP-ChBD on the surface of
chitin.
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4.3. Materials and methods

4.3.1. Investigate the performance of Fusion protein

4.3.1.1. Construction of the target gene

Chitin binding domain (ChBD) of the chitinase Al from Bacillus circulans WL-12 was
used for our experiments (Hashimoto et al., 2000). Synthetic gene of the ChBD of Bacillus
circulans was purchased from the Euro fin Genomics Co., Ltd, Tokyo. Since, gene came with
a plasmid (pEX-A2J2-B.circulans-ChBD), two primers were designed to amplify the DNA
region encoding ChBD using polymerase chain reaction (PCR). Peptide derived from the
phage-display technology was used as the calcium binding peptide (CaBP) (Gaskin et al., 2000)
and this short peptide with 12 amino acids was introduced into the forward primer. Amino acid
sequences of the ChBD and the CaBP are given in the Table 4-1. pET-22b(+) vector was used

as expression vector to carry target gene. Primer details are given in the Table 4-2.

Table 4-1 Amino acid sequence of the ChBD and CaBP

Amino acid sequences References
ChBD of AWOQVNTAYTAGOLVTYNGKTYKCLQPHTSL  Hashimoto et
Bacillus AGWEPSNVPALWQLQ al., 2000
circulans
CaBP DVFSSFNLKHMR Gaskin et al.,
2000
Table 4-2 DNA sequence of the forward and reverse primers
Primer Sequences (5°-3°)

pET22-Cabp-Hind- AAGGAGATATACATATGGATGTGTTTAGCTCGT
bcChbD-Ndel Fw TCAACCTGAAACATATGCGCAAGCTTGCCTGGC

AAGTCAACACTGCG
pET22-bcChbD-Xhol Rv  GGTGGTGGTGCTCGAGCTGCAGCTGCCACAACG

CTG

For PCR amplification, Prime star max (Taraka bio inc., Japan) was used as DNA
polymerase. Target gene (1 ul; 10 ng/ ul) contained prime star max DNA polymerase (25 pl),
forward primer (1.25 pl), reverse primer (1.25 pl) and sterilized distilled water (21.5 ul) was

96



amplified using PCR. Amplified gene was separated by using gel electrophoresis and extracted
from the agarose gel using gel/PCR extraction kit (Nippon genetics Europe, Germany). Fig. 4-

4 shows the graphical representation of the target gene.

= o

Fig. 4-4 Schematic design of the target gene

T

His-tag

4.3.1.2. Transformation of the target gene into E.coli

pET 22b(+) vector was linearized using Xho | (New England Bio Labs, Tokyo, Japan)
and Nde | (New England Bio Labs, Tokyo, Japan) restriction enzymes. Restriction sites were
selected in order to incorporate the His-tag into the “C” terminal of the target gene. 10 pul of
PET 22b(+) vector was mixed with 1 pl of Xho I, 1 pl of Nde I, 5 pl of cut smart (New England
Bio Labs, Tokyo, Japan) and 33 pl of distilled water and incubated in 37 °C for 10 min.
linearized vector was separated using gel electrophoresis and extracted from the gel using
gel/PCR extraction Kit. Then target gene was inserted into the linearized pET 22b(+) vector
using in-fusion enzyme (Taraka bio inc., Japan). 1.5 ul of linearized pET 22b(+) vector was
mixed with 1 pl of infusion enzyme, 1 pl of target gene and 1.5 pl of sterilized distilled water
and incubated 15 min at 50 °C. Immediately after the infusion, transformation of the infused
gene into the E-coli DH5a was carried out. Transformation was done by giving heat shock. 1
pl of the infused gene was mixed with 30 pl of the E-coli DH5a and kept 30 min at 4 °C and
then kept 90 sec in 42 °C and finally incubated 5 min at 4 °C. After transformation, bacteria
cells were transferred into the LB-Amp agar plate (Tryptone (BD Biosciences Advanced
Bioprocessing, Miami, FL, USA) 10 g/L, Yeast extract (BD Biosciences Advanced
Bioprocessing, Miami, FL, USA) 5 g/L, Sodium Chloride (Wako Pure Chemical Industries
Ltd., Tokyo, Japan) 10 g/L, Agar (Wako Pure Chemical Industries Ltd., Tokyo, Japan) 15 g/L,
Ampicillin (Nacalai Tesque, Tokyo, Japan) 0.1 g/L) and kept in 37 °C for 16-18 hours.

Obtained bacteria colonies were confirmed by using colony PCR. Sufficient amount of
bacterial colony was mixed with the 12.5 ul KAPA 2G Fast Hot Start DNA polymerase (Kapa
Biosystems, Wilmington, USA), 1.25 ul of T7 promotor (Eurofins Genomics, Tokyo, Japan),
1.25 pl of T7 terminator (Eurofins Genomics, Tokyo, Japan) and 10 pl of sterilized distilled

water and target fragment was amplified by using PCR. Accuracy of the colony was identified
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by using the gel electrophoresis. After confirmation of the accuracy of the colonies, selected
colony was pre-cultured in LB-Amp medium and kept in the shaking incubator at 37 °C, 160
rpm for 16-18 h. Plasmid was extracted by using the plasmid extraction kit (Nippon genetics

Europe, Germany) and confirmed the accuracy using sequence analysis.

4.3.1.3. Expression of the target protein

Extracted plasmid was transformed into the E-Coli BL21 (DE3) by using the same
procedure described in the section 4.3.1.2 and confirmed through the colony PCR. After
confirmation, selected colony was pre-cultured in LB-Amp medium and kept in the shaking
incubator at 37 °C, 160 rpm for 16-18 h. Then, the pre-culture (1 mL) was inoculated into fresh
LB-Amp medium (100 mL) and kept in the shaking incubator under the same conditions as
those used for pre-culturing. Absorbance of the culture at 600 nm was monitored until it reaches
0.6 and protein expression was done by introducing isopropyl -D-1thiogalactopyranoside
(IPTG; Nacalai Tesque, Tokyo, Japan ) at final concentration of 0.5 mM and culture
temperature was changed from 37 °C to 30 °C. To check the level of protein expression,
samples were collected from the culture at 0,1,3,6 and 24 h time intervals and centrifuged at
12000 rpm for 1 min and removed the supernatant and kept in the freezer.

100 pl of lysis buffer was added to the collected samples and sonicated for 2 min
(Amplitude — 30 % and Pulse — 20s/20s). 10 pl of the sonicated samples were transferred into
the PCR tubes and centrifuged to separate soluble and insoluble part of the cell lysate. Then,
10 pl of the supernatants were transferred into the separate tubes and both of the supernatant
and pellets were treated with 10 pl of the SDS treatment buffer and incubated in 95 °C at 5
min. Expression of the protein was analyzed by using SDS-poly-acrylamide gel electrophoresis
(SDS-PAGE; Atto company limited, Tokyo, Japan) which was stained with the Coomassie
Brilliant Blue (CBB Stain One Super (Ready To Use), Nacalai Tesque, Inc.,Kyoto, Japan).

4.3.1.4. Purification and dialysis of the protein

Since the target protein has His tag in the “C” terminal, purification of the protein was
done by using bio scale IMAC Ni-charged cartridge (Bio-rad Laboratories, Inc, Tokyo, Japan).

After 24 hour culturing, cell culture was centrifuged (4 °C, 8000 g, 10 min) to separate cell
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pellets and discarded the supernatant. Separated cell pellets were replaced with the lysis buffer
and sonicated (5 min, 30%, 59s/59s) to disrupt the cells. After sonication cell lysate was
centrifuged (4 °C, 12000 g, 20 min) to separate soluble and insoluble fraction and supernatant
was used for the purification since protein in the soluble fraction.

After introducing the sample into the cartridge, it was washed twice using wash
buffers and target protein was eluted by using elution buffer with higher amount of imidazole.
Eluted protein was concentrated by using the Amicon ultra filter (3 kDa) and protein was
replaced into the tris-Hcl buffer (pH-9). Concentration of the protein was measured by using

the Bradford protein assay kit (Taraka bio inc., Japan).

4.3.1.5. Chitin binding assay

Ability of the fusion protein for binding into the insoluble chitin was investigated. 0.01
g of insoluble chitin (Wako Pure Chemical Industries Ltd., Tokyo, Japan) was dissolved in the
1 ml of the fusion protein (CaBP-ChBD) with final concentration of 0.04 mM and kept in the
shaking incubator at 25 °C and 160 rpm. Samples were collected at different time intervals,
centrifuged (13000 x g, 10 min) and protein concentration of the supernatant was measured by

using Bradford protein assay Kkit.

4.3.1.6. Calcium binding assay

Ability of the CaBP-ChBD to bind into the CaCOs was examined. 0.01 g of CaCO3
(Wako Pure Chemical Industries Ltd., Tokyo, Japan) was mixed with the 1 ml of the CaBP-
ChBD with final concentration 0.04 mM and kept in the shaking incubator at 25 °C and 160
rpm. Sample was collected at 24 hours and centrifuged (13000 x g, 10 min) and protein

concentration of the supernatant was measured using Bradford protein assay Kit.
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4.3.2. Investigate the performance of chitin binding domain (ChBD)

4.3.2.1. Construction of the target gene

Synthetic gene of the ChBD from chitinase Al of Bacillus Circulans which is
purchased from the Euro fin Genomics Co., Ltd, Tokyo was used for this experiment.
Experimental procedure is same as described in the section 4.3.1.1. Only forward primer was
modified in order to extract ChBD. pET-22b(+) vector was used as expression vector to carry
target gene. Primer detail is given in the Table 4-3. Target gene was amplified by using Prime
star max as DNA polymerase. Amplified gene was separated by using gel electrophoresis and

extracted from the agarose gel using gel/PCR extraction Kit.

Table 4-3 Primer design for construction of ChBD

Primer Sequences (5°-37)

PET-22b-ChbD-Ndel_Fw AAGGAGATATACATATGGCCTGGCAAGTCAAC
ACT

Transformation of the target gene into the E.coli, protein expression and purification

were done by using the same procedure described in the section 4.3.1.2 — 4.3.1.3.

4.3.2.2. Chitin binding assay

Ability of the ChBD for binding into the insoluble chitin was investigated. 0.01 g of
insoluble chitin (Wako Pure Chemical Industries Ltd., Tokyo, Japan) was dissolved in the 1 ml
of the ChBD with final concentration of 0.04 mM and kept in the shaking incubator at 25 °C
and 160 rpm. Samples were collected at different time intervals, centrifuged (13000 x g, 10
min) and protein concentration of the supernatant was measured using Bradford protein assay
kit.
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4.3.3. Investigate the performance of Calcium Binding Peptide (CaBP)

4.3.3.1. Preparation of the stock solution of ChBD

Synthesized CaBP was purchased from Gen Script, Tokyo, Japan and stock solution
with Img/ml was prepared by dissolving the CaBP in tris-HCI buffer (pH-9).

4.3.4. CaCOs precipitation experiment

CaCOs precipitation experiments were conducted by hydrolysis of the urea using
extracted jack bean urease enzyme (2.5 U/ml; Wako Pure Chemical Industries Ltd., Tokyo,
Japan) in the presence of CaCl, and urea (0.75 mol/L; Wako Pure Chemical Industries Ltd.,
Tokyo, Japan). Experiments were conducted under different experimental conditions with and
without chitin and fusion protein (CaBP-ChBD), ChBD and CaBP as shown in the Table 4-4.
Reaction mixture was kept in the shaking incubator for 24 h at 25 °C and 160 rpm and
centrifuged (24 °C, 12000 rpm, 10 min) to separate the precipitate from the supernatant. Dry
weights of the precipitates were measured from the oven dried samples at 90 °C for 24 h.

Morphology of the crystals were identified using SEM.

CaCO:z Precipitation experiment with Bovine Serum Albumin (BSA)

CaCO:s precipitation was conducted by using an inert protein BSA by following the
procedure described in the section 4.3.4. Experiment was conducted under different conditions
as shown in the Table 4-5.
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Table 4-4 Experimental conditions for CaCO3 precipitation

Chitin CaBP-ChBD  ChBD CaBP
(9) (Hg/ml) (Hg/ml) (Hg/ml)
S1 - - - -
S2 0.01 - - -
S3 - 75 - -
S4 0.01 75 - ]
S5 - - 75 -
S6 0.01 - 75 -
S7 - - - 75
S8 0.01 - - 75
S9 - - 75 75
S10 0.01 - 75 75

Table 4-5 Experimental conditions for CaCOs precipitation with and without BSA

Chitin BSA
(9) (hg/ml)
s11 - 75
S12 0.01 75
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4.4. Results and discussion

4.4.1. Construction of the CaBP-ChBD

Target gene could be constructed successfully, and relevant band was appeared around
171 bp as shown in Fig. 4-5. Target gene was effectively extracted from the gel/PCR extraction
kit and infused with the linearized vector and transformed into the E-coli DH5a. Upon 18 hours
incubation under 37 °C, few numbers of colonies were obtained and confirmed the accuracy of
the colonies by colony PCR as shown in Fig. 4-6. Selected colony was used to make pre-culture
and after 18 h incubation at 37 °C plasmid extraction was done by using plasmid extraction Kit.
Accuracy of the plasmid was confirmed through the sequence analysis.

171 bp

Fig. 4-5 Amplified Fragment for CaBP-ChBD

Fig. 4-6 Transformation of pET 22b(+) with target gene into E.Coli DH5a (a-1,2) Colonies of
E.Coli DH5a containing target gene (b) Confirmation of E.Coli DH5a with pET 22b(+)-CaBP-
ChBD.
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4.4.1.1. Expression of the CaBP-ChBD

Plasmid was able to transformed successfully into the E-coli BL21(DE3) and selected
colonies were confirmed through the colony PCR as shown in the Fig. 4-7.

Fig. 4-7 Transformation of plasmid into E.Coli BL21(DE3) (a) Colonies of E.Coli
BL21(DE3) with pET 22b(+)-CaBP-ChBD (b) Confirmation of E.Coli BL21(DE3) with
pET 22b(+)-CaBP-ChBD.

Protein expression of the fusion protein (CaBP-ChBD) was examined for 24 hours.
According to the SDS page results shown in Fig. 4-8(a), target protein has been expressed
successfully as a soluble protein and protein expression has started after 3 h of incubation.
Generally, genetically modified proteins have been expressed with IPTG under lower
temperatures (15 °C) to prevent the over expression of other proteins. Over expression of
proteins cause the misfolding of protein and the formation of the inclusion bodies which lead
to lower expression of the target protein. However, we were unable to express our fusion
protein under lower temperatures and protein was successfully expressed at higher
temperatures (30 °C). Expression temperature mostly depends on the type of the protein and
most of the time, chitin binding proteins have been expressed in higher temperatures (Ping et
al., 2018; Lobo et al., 2013).

After successfully expression of the target protein, protein was purified using IMAC
Ni-charged cartridge and successfully separated using elution buffer with higher concentration
of imidazole as shown in Fig. 4-8(b). Since, purified protein contained higher amount of
imidazole, protein was replaced into a Tris-Hcl buffer (pH-9) during the concentrate of the

protein using Amicon ultra filter. Ultra-filter with molecular weight cutoff (MWCQO) 3 kD was
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used since molecular weight of our target protein is 6.48 kD. Previous researches reported that
ChBD from chitinase Al exhibited higher binding affinity for colloidal chitin around higher
pH (8-9). Therefore, protein was replaced with Tris-Hcl buffer with pH-9 (Hashimoto et al.,
2000).

(a)

Fig. 4-8 SDS-page analysis to confirm the expression of CaBP-ChBD (a) Expression of the
CaBP-ChBD with in 24 h (b) Protein purification and dialysis; M — Protein marker, 1-
Sample after 24 h, 2- Wash 1, 3-Wash 2, 4- Elution, 5- Flow through, 6- After dialysis.

4.4.1.2. Chitin binding assay

Chitin binding assay was conducted according to the procedure described in the
section 4.3.1.5. Protein concentration was decreased with time, other words adsorption of the
CaBP-ChBD into the insoluble chitin was increased with the time as shown in the Fig. 4-9.
80% of CaBP-ChBD was bound to the insoluble chitin within the 3 hours. Results are agreed
well with the previous observation made by Hashimoto et al. (2000) for the binding assay of
ChBD from Chitinases Al into the colloidal chitin. Isoelectric point (pl) of the CaBP-ChBD
is around 8.9 and it is similar to the pH of the solution. Hence, interaction between the CaBP-
ChBD and the insoluble chitin mostly hydrophobic (Hashimoto et al., 2000).
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Fig. 4-9 Chitin binding assay (a) Time courses of binding of CaBP-ChBD into insoluble chitin

(b) Variation of the protein concentration in the reaction mixture with time.

4.4.1.3. Calcium binding assay

Binding of the CaBP-ChBD into the CaCOs is not efficient as binding of the CaBP-
ChBD into the chitin. However, Protein concentration was reduced by 30% after 24 h which

reflects the 30% of the CaBP-ChBD has bound to the CaCOs within 24 hours as shown in Fig.
4-10.
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Fig. 4-10 Variation of the concentration of CaBP-ChBD with time after react with the
CaCO3

4.4.2. Construction of the ChBD

Target gene was constructed successfully, and band was appeared around 135 bp in
agarose gel as shown in Fig. 4-11. Target gene extraction was done by using gel/PCR extraction
kit and successfully fused into the linearized vector. Upon 18 h incubation of the E.coli DH5a
containing target gene, fewer number of colonies were detected and confirmed through the
colony PCR as shown in Fig. 4-12. Pre-culture was done for a selected colony and plasmid was

extracted and confirmed the accuracy through sequence analysis.

135 bp

Fig. 4-11 Amplified fragment of ChBD
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(a) (b)

Fig. 4-12 Transformation of pET 22b(+) with target gene into £.Coli DH5a (a) Colonies
of E.Coli DH5a containing target gene (b) Confirmation of E.Coli DH5a with pET
22b(+)-ChBD.

4.4.2.1. Expression of the ChBD

Plasmid was transformed successfully into the E-coliBL21(DE3) and selected

colonies were confirmed through the colony PCR as shown in Fig. 4-13.

(b)

Fig. 4-13 Transformation of plasmid into E.Coli BL21(DE3) (a) Colonies of E.Coli
BL21(DE3) with pET 22b(+)-ChBD (b) Confirmation of E.Coli BL21(DE3) with pET
22b(+)-ChBD.
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Protein expression of the ChBD was examined for 24 hours. According to the SDS
page results shown in Fig. 4-14(a) protein expression has been started after 3 h as a soluble
protein. Protein was purified using IMAC Ni-charged cartridge and could be eluted
successfully as shown in Fig. 4-14(b). Protein was concentrated using Amicon ultra filter with
molecular weight cutoff (MWCO) 3 kD and replaced in to the Tris-Hcl buffer with pH-9.

(a) (b)

5.02 kD

Fig. 4-14 SDS-page analysis to confirm the expression of ChBD (a) Expression of the ChBD
within 24 h (b) Protein purification and dialysis; M — Protein marker, 1- Sample after 24 h,
2- Flow through , 3-Wash 1, 4- Wash 2, 5- Elution, 6- After dialysis.

4.4.2.2. Chitin binding assay

Fig. 4-15 shows the variation of the adsorption of the ChBD into the insoluble chitin
with time. Approximately 80% of adsorption was achieved within 3 hours. The results are
matching well with the previous observations done by Hashimoto et al., (2000) for ChBD from
Chitinases Al. They have observed the adsorption of the ChBD into the colloidal chitin under
different buffer conditions. As mentioned in the section 4.4.1.2 the interaction between the
chitin and the ChBD can be a hydrophobic interaction since isoelectric point of the ChBD is
8.91 and the solution pH is around 9.
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Fig. 4-15 Chitin binding assay (a) Time courses of binding of ChBD into insoluble chitin (b)

Variation of the protein concentration in the reaction mixture with time.

4.4.3. CaCOs precipitation experiment

CaCOg precipitation experiment was conducted by using extracted urease enzyme
under different experimental conditions as given in the Table 4-4. Fig. 4-16 shows the obtained
amount of precipitate for different experimental conditions. Experimental conditions are
graphically shown in Fig. 4-17. Precipitate values represents the average value of three
independent experiments and standard deviation value was used to represent the error bars. By
adding chitin (S2) slight increment of the precipitate could be obtained. However, by adding
proteins significant increment of the precipitate could be seen. For all cases, proteins itself have
an ability to upgrade the CaCO3 formation efficiency even without chitin. Compared with the
ChBD and CaBP, by adding fusion protein (CaBP-ChBD) extremely higher amount of
precipitate could be obtained. Fig. 4-18 shows the increment of the precipitate with CaBP-
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ChBD. As shown in the Fig. 4-19, by introducing CaBP-ChBD, CaCOs3 formation efficiency
has been increased from the 55% while with ChBD and CaBP it was 25% and 18%.

0.25
Without Chitin
0.2 With Chitin
5 [ ¥
3 0.15 I
<
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: |
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Fig. 4-16 Amount of precipitate obtained for different test cases with and without

chitin
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Fig. 4-17 Graphical illustration of the samples
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Fig. 4-18 CaCOs precipitate (1) S1 (2) S2 (3) S4
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Fig. 4-19 CaCOgz formation efficiency

Formation of the CaCOs in the presence of proteins mainly related to the amino acid
sequence of the protein. Basically amino acids have a higher influence on the CaCO3 formation
and amino acids can serve as nucleation and growth promoting molecules for CaCO3z formation
by reducing the activation energy of nucleation and promoting the crystal growth (Briegel and

Seto, 2012). CaBP used in this study has derived from the phage display analysis (Gaskin et
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al., 2000) and this peptide is not rich with acidic amino acids only one aspartic acid residue is
present. However, peptide is rich with basic amino acids and consisted with lysine, histidine
and arginine residues. Consider about the amino acid sequence of the ChBD, it also not rich
with the acidic amino acids and only one glutamic acid residue can be found and two lysine
and one histidine residues are present. At pH-9, half of the amino groups in lysine, histidine
and arginine residues are charged positively while carboxylic group in the glutamic acid and
aspartic acid completely charged negatively. Hence, both of the acidic and basic residues have
considerable influence on the CaCOgz formation.

Generally, acidic amino acids are known to be associated with the proteins which are
facilitated the CaCOsbiomineralization (DeOliveira and Laursen, 1997; Sugawara et al., 2006).
However, some researchers reported that acidic amino acids inhibit the CaCOs crystallization
and promote the stabilization of the unstable phase of the CaCOs3 (Njegi¢ Dzakula et al., 2018;
Zou et al., 2017). Also, in our previous study we have found that basic polypeptides have
capability to upgrade the CaCO3 formation (Nawarathna et al., 2018). Some matrix proteins
which facilitate the CaCO3z biomineralization are rich with more basic amino acid residues (Jain
etal., 2017). Hence, the reason for the higher performance of CaCO3 formation in the presence
of CaBP-ChBD would be due to the presence of the basic amino acid residues. Compared with
the CaBP, ChBD has more basic amino acid residues and it would be the reason for obtaining
higher precipitate for ChBD compare with the CaBP.

Morphology of the crystals also changed drastically with the proteins. Without chitin
or protein, polyhedron and spherical crystals were obtained as shown in Fig. 4-20(a). In the
presence of only chitin without protein, individual chitin particles can be seen separately and
rhombohedral shaped crystals have been deposited upon the chitin particles. Previous research
also mentioned the formation of the rhombohedral crystals upon chitin matrix without matrix
protein (Sugawara et al., 2006; Ping et al., 2018). However, in the presence of CaBP-ChBD,
chitin particles were efficiently covered with the dumbbell shaped crystals as shown in Fig. 4-
20(d-1,2). It is difficult to see the uncovered chitin particles and most of the chitin particles
were covered with CaCOas. It provides an evidence that fusion protein has assisted to formation
of the CaCOz on the chitin matrix. With only ChBD, fewer amount of crystals have been
precipitated upon the chitin matrix as shown in Fig. 4-21(b). Also, crystal morphology is mostly
similar to the crystal morphology obtained with CaBP-ChBD and dumbbell and rod shape
crystals are dominant. However, in the presence of only CaBP, chitin particles are like almost
uncover and rhombohedral shaped crystals can be seen on the chitin matrix as similar to the

case without protein (Fig. 4-22(b)).
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Some of previous researches have reported the formation of the dumbbell shaped
crystals, mainly in presence of double hydrophilic block copolymers, lignin, Mg?* ions and
other organic additives (Feng, 2011; Zhu et al., 2010). Formation of dumbbell, ellipsoidal and
rod shape crystals are mainly due to the reassemble of the rhombohedral crystals and elongated
into the C axis when the crystallization take place in the presence of low molecular weight
additives (Didymus et al., 1993).

Behavior of the CaBP-ChBD and ChBD on the CaCOs formation can be explained in
two ways. Basically, both of the proteins can be adsorbed into the chitin and chitin act as a
template to CaCOs to nucleate and grow. However, in the case of CaBP-ChBD efficient
precipitation of the CaCOz on the chitin matrix was happened due to the associated CaBP,
which helped to proficient precipitation of the CaCOs on the chitin matrix. Also, CaBP-ChBD,
ChBD and CaBP themselves contributed to the growth of the CaCOs by absorbing into the
crystal phases. Variation of the pH mainly affect to the conformational changes of the organic
additives which has significant influence on the morphology of the CaCOs3 crystals under the
presence of organic additives. Previously, twin sphere shaped calcite crystals have been
obtained due to the confirmation change of the polymer chain under the alkaline condition (Y.
Yao et al., 2009). In our case, changes of the structure of the proteins mainly with CaBP-ChBD
and ChBD under the alkaline condition would be a one reason for the formation of dumbbell

shaped crystals since pH of the reaction mixture is around 9.
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Fig. 4-20 SEM images of the CaCOs precipitate (a) S1 (b) S2 (c) S3 (d-1,2) S4
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Fig. 4-22 SEM images of the CaCOs precipitate with CaBP (a) S5 (b) S6

On the other hand, carboxylic group of the amino acid protonated completely under
higher pH (8-9) and form polyanionic chain where Ca?* could be easily attached into the protein
and create nucleation sites (Colfen and Qi, 2001). Also, it leads to increase the supersaturation
of the solution. This would be a reason for the higher nucleation and growth rate observed with
the CaBP-ChBD than without. Donners et al., (2002) also reported the dumbbell shape of
crystals in the presence of alanyl-alanine-derived poly (isocyanide)s, they mentioned that
higher nucleation density, low spread in size and the absence of rhombohedral crystals provide
evidence of its behavior as efficient nucleator. Also, they have clearly mentioned that,
formation of the crystals with the shape of dumbbell is due to the development of the growth
faces of crystals in addition to the end faces due to the adsorption of polymer onto these faces.
Therefore, it inhibits the growth of the crystals in those directions and growth only along the
c-axis (Feng, 2011; Sommerdijk and de With, 2009).

116



When the protein contains both of the positively and negatively charged amino acid
residues, several kinds of electrostatic interactions are possible which can be affected for the
morphology of the crystals. Basically, interaction between the protein molecules is possible
due to the charged side chains. Also, positively charged amino groups are interact with the
negatively charged carbonate ions and negatively charged carboxylic groups can interact with
the positively charged Ca?* ions (Ghatak et al., 2013). These complex nature of the interaction
causes to produce several different morphologies as shown in Fig. 4-20(c) & Fig. 4-21(a).
However, one research group reported that glutamic acid and lysine have low tendency to
incorporate into calcite crystals (Borukhin et al., 2012). Hence, it seems like histidine and other
acidic amino acids and amino acids with uncharged polar side chains have significant
contribution for the morphology change.

Amino acids with uncharged polar side chains have a significant contribution to the
CaCOsformation. According to the amino acid sequence of CaBP-ChBD, it contains Cysteine,
Serine, and Asparagine which have considerable effect on the CaCOs crystallization. In nature,
there are some mineral associated proteins which are rich with cysteine. Basic CaCO3
associated proteins from the lustrin A (Chen et al., 2003), nacre of the abalone (Treccani et al.,
2006), perlwapin (Treccani et al., 2006) are associated with the cysteine rich domain. Also,
under the alkaline conditions, there is a high possibility to charge the carboxyl group negatively
than positive charge on the amino group. Our experiments were conducted on the medium with
pH=9. Hence, most of the amino acids with uncharged polar side chains have capability to
charge negatively and bind to the Ca?* ions which affect for the morphology of the crystals.
Also, cysteine has capability to interact with the minerals through thiol bonds (S-Ca) which are
stronger than the disulfide bonds (S-S) (Colin et al., 1964).

Further, CaCO3z precipitation experiment was conducted by adding same
concentration of CaBP and ChBD into the reaction mixture. As shown in Fig. 4-16, amount of
precipitate is closer to the amount of precipitate obtained by using only ChBD. Morphology
of the crystals also similar to the case of CaBP-ChBD and ChBD. Dumbbell, ellipsoidal and
polyhedron shaped crystals can be seen in the precipitate as shown in the Fig. 4-23. Also, it can
be seen that chitin particles were covered partially with the CaCOs crystals. All of these results
reveled that, excellent ability of the CaBP-ChBD on the formation of the CaCO3 is not only
due to the CaBP and ChBD. Structure of the protein (CaBP-ChBD), its molecular arrangement
have significant influence on the formation of the CaCOs. Further experiments should be
carried out to give better conclusion about the change of the secondary structure of the protein

during the CaCO3 formation.
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Fig. 4-23 SEM images of the CaCO3 precipitate with CaBP & ChBD (a) S9 (b) S10

CaCOs precipitation with BSA

CaCOs precipitation experiments were conducted with the BSA as control experiment.
BSA is a most abundant plasma protein in mammals and it is a neutral and non-reactive protein
(Majorek et al., 2012). BSA is extensively used as matrix or soft template to induce the
formation of calcium carbonate (C. L. Yao et al., 2009). In addition, BSA has strong affinity
to variety of inorganic minerals. Hence, BSA incorporated nanomaterials have used variety of
supramolecular assemblies (Yang et al., 2009).

According to the obtained results, by adding BSA into the reaction mixture little
increment of the precipitate was exhibited as shown in Fig. 4-24. However, it is not significant
as like with CaBP-ChBD or other proteins. Therefore, the results confirmed that superior ability
of the CaBP-ChBD to form CaCOz is a unique property. Morphology of the crystals also
examined by using SEM. According to the results given in Fig. 4-25(a) without chitin, distorted
shaped crystal agglomerations were obtained. Surface of the crystals appeared as rough due to
the adsorption of the protein into the growing crystal faces. Yang et al., (2009) have mentioned
that formations of this kind of complex structures are related to the protein mediated self-
assembly and they have obtained CaCO3s/BSA hybrid crystals. Also, BSA didn’t contribute to
the formation of the CaCOg crystals on the chitin matrix and uncovered chitin particles can be

seen as shown in Fig. 4-25(b).
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Fig. 4-24 Amount of precipitate obtained for different test cases with and without chitin or
BSA

Fig. 4-25 SEM images of the CaCOz precipitate with BSA (a) S11 (b) S12

45. Conclusion

Novel fusion protein was generated to facilitate the organic-inorganic hybrid material
formation by efficient precipitation of the CaCO3 on the chitin matrix. Recombinant protein
was constructed by introducing CaBP into the ChBD. Target protein (CaBP-ChBD) was
successfully constructed and expressed into the E-Coli.

Chitin binding assay was conducted for recombinant protein (CaBP-ChBD) and the
ChBD separately and found that both of the proteins have a superior ability to bind into the
insoluble chitin and 80% of the protein was bound to the insoluble chitin within 3 hours. CaCOs
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precipitation experiments were conducted separately by hydrolysis of the urea using jack bean
urease in the presence of CaBP-ChBD, ChBD and CaBP.

CaCOs formation efficiency has increased significantly in the presence of proteins
than that of without proteins. However, CaBP-ChBD exhibited higher CaCOs formation
efficiency than the ChBD and CaBP. By adding CaBP-ChBD into the reaction mixture CaCOs
formation efficiency was increased by 55%. However, with ChBD and CaBP it was 25% and
18%. Also, in the presence of chitin and CaBP-ChBD, chitin particles were efficiently covered
with the dumbbell shaped CaCOz crystals while without CaBP-ChBD, few crystals could be
seen on the chitin surface. In addition, CaCOs crystals were not efficiently bound to the chitin
particles in the presence of ChBD and CaBP. Incorporated amino acid residue in the CaBP-
ChBD would be the reason for its superior performance in CaCOs crystallization.

Finally, developed recombinant protein could be used to facilitate efficient
precipitation of the CaCOs on the chitin matrix and form organic-inorganic hybrid material

which can be used for number of industrial applications.
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CHAPTER 5. CONCLUSIONS AND FUTURE PROSPECTS

In this thesis, | examined the improvement of the efficiency of the urease-based
biomineralization by using biomacromolecules. Effects of the biomacromolecules, such as
polypeptides, polysaccharides and proteins on the CaCOs3 formation and sand solidification
was examined by using the microbial-induced carbonate precipitation (MICP) and enzyme-
induced carbonate precipitation (EICP) methods. Also, novel fusion protein was developed to
facilitate organic-matrix mediated biomineralization.

Effects of the synthetic cationic and anionic polypeptides on the CaCOs3 formation and
the sand solidification were examined in MICP method, where poly-L-lysine and poly-
glutamate were used as a cationic and an anionic polypeptide, respectively. The results revealed
that, poly-L-lysine had positive effect on the CaCO3 formation while no significant effect was
found by poly-glutamate addition. Electrostatic interaction between positively charged poly-
L-lysine and negatively charged HCO3™ ions would lead to the enrichment of HCOs™ ions in
local regions, resulting in CaCOs crystal nucleation and growth. Also, poly-L-lysine changed
the morphology of CaCOs crystals into ellipsoidal shaped calcite crystals while rhombohedral
or polyhedron shaped calcite crystals were dominant without additives. Morphology change
would be mainly due to the change in the conformation of poly-L-lysine chain from random
coil to a-helix under alkaline condition. Poly-glutamate promoted the formation and
stabilization of metastable vaterite crystals due to higher local supersaturation of Ca?* ions
induced by negatively charged carboxyl group in the poly-glutamate.

Sand solidification experiments were conducted with and without poly-L-lysine under
different bacteria injection intervals. Higher unconfined compressive strength (UCS) was
achieved by reinjection of the bacteria than that of the injection once. Reinjection of the bacteria
was found to be useful to maintain higher urease activity during the experimental time for better
cementation. By adding poly-L-lysine, higher UCS value was achieved than that of without
poly-L-lysine. 30% of strength increment was achieved for the top of the sample by introducing
poly-L-lysine than the conventional method. Positively charged poly-L-lysine could have
assisted the formation of the better bridge between sand particles and cell surface, both of which
are negatively charged. Also, higher CaCOz formation efficiency and the change of the
morphology would be a reason for the better cementation obtained with poly-L-lysine.

Although, poly-L-lysine has better ability to perform well in both of the CaCOs
formation and sand solidification, use it for field applications is not practical due to associated
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higher cost. Hence, next attempt was initiated by introducing natural biopolymer as an
alternative.

In Chapter 3, effects of the natural biopolymer on the CaCO3 formation and the sand
solidification was examined by using MICP method. Chitosan was selected for the experiments
since it is a one of the most abundant natural polysaccharide. Higher amount of precipitate was
obtained by adding chitosan than that of without chitosan. Precipitate with chitosan has both
of precipitated CaCOz and the precipitated chitosan hydrogel. Chitosan has a capability to form
its hydrogel under the alkaline condition. Hence, weak alkaline condition created by the
hydrolysis of urea provide a favorable environment for the chitosan to form its hydrogel. At
lower cell concentrations, good rhombohedral crystals were obtained with the individual
chitosan hydrogel while at higher cell concentrations, distorted shaped calcite crystals were
formed with the rough surface. Chitosan has a better capability to make complexes with certain
metal ions by sorption and chelation. Ca?* can absorb into the chitosan hydrogel by hard acid-
hard base reaction and provide nucleation sites for CaCO3 crystals to nucleate and growth.
Binding of the -OH and -NH functional groups of the chitosan on to the surface of the crystals
increased the roughness of the crystal surface. Sand solidification experiments were conducted
by adding chitosan under different experimental conditions. By adding chitosan, strongly
cemented sand specimen could be obtained with 38% of strength increment at the top of the
sample. Chitosan hydrogel would assist the formation of a better bridge between sand particles
leading to better cementation. Chitosan can be used as an additive to enhance the performance
of MICP process more sustainably and produce organic-inorganic green materials for certain
industrial application.

In Chapter 2 and Chapter 3, we investigated the effects of biomacromolecules on the
CaCOg crystallization and identified the superior ability of the biomacromolecules on the
CaCOscrystallization and the change the morphology, polymorphism and physical properties.
Hence, next we took an attempt to develop a genetically modified protein to facilitate organic-
inorganic hybrid material formation which is described in Chapter 4. Novel fusion protein
(CaBP-ChBD) was designed for efficient precipitation of CaCOs on chitin matrix by
introducing calcium binding peptide (CaBP) into chitin binding domain (ChBD). Target gene
for the CaBP-ChBD was successfully constructed and expressed in E.coli. According to the
results of the chitin binding assay, 80% of the CaBP-ChBD was bound to the insoluble chitin
within 3 hours. CaCO3 precipitation experiments were conducted by hydrolysis of urea using
extracted jack bean urease with and without addition of chitin and CaBP-ChBD. Small

increment of the precipitate could be found by adding chitin while significant increment (55%)
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of the precipitate was achieved by adding both of chitin and CaBP-ChBD. In the presence of
the CaBP-ChBD, morphology of the crystals changed drastically into the dumbbell and
ellipsoidal shape crystals while without CaBP-ChBD rhombohedral and polyhedron crystals
were present. Also, with CaBP-ChBD chitin particles were completely covered with the CaCO3
crystals while without CaBP-ChBD few rhombohedral particles can be seen on the chitin
matrix.

In addition, we found that CaBP-ChBD has capability to upgrade the CaCO3
formation efficiency even without chitin. Presence of the basic amino acid residues such as
lysine, histidine and arginine in CaBP and also in the ChBD would facilitate efficient CaCO3
formation. In addition, negative charge of the carboxylic groups of the glutamic and aspartic
acid residues under alkaline condition would have considerable impact on the morphology of
the crystal. Interestingly, we found that ChBD itself has an ability to upgrade the CaCO3
formation. By adding ChBD, CaCOs formation efficiency was increased by 25%. Associated
basic and the acid amino acid residues in the ChBD would be a reason for its ability to upgrade
CaCOs formation. However, influence of the CaBP on the CaCOs crystallization is not
significant as like CaBP-ChBD or ChBD. Only 18 % of increment could be achieved by adding
CaBP.

Finally, generated recombinant protein (CaBP-ChBD) could be used to formation of
organic-inorganic hybrid materials by efficient precipitation of the CaCO3 on the chitin matrix
which will be useful for number of industrial applications including geotechnical and

biomedical engineering applications.

Future prospects

We found that cationic polypeptide has positive effect on the CaCOz crystallization
while anionic polypeptide has negative effect. However, the effect would be depended on the
type of the amino acid. Hence, further investigation of the effects of polypeptides by using
other cationic and anionic polypeptides such as poly arginine, histidine and poly aspartic would
be important.

Chitosan exhibited excellent performance in CaCOs crystallization as well as sand
solidification. We have some suggestions for further improve the efficiency of the CaCO3
crystallization. Generally, organic matrix play a vital role in CaCO3z biomineralization.
Deposition of CaCOs on the insoluble organic matrix is associated with the soluble acidic
proteins or silk fibroin-like proteins. As an example in nacre, CaCOs is deposited on the chitin

matrix with the assistance of silk fibroin like protein. Hence, further investigation about the
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effect of the chitosan/chitin on the CaCOz crystallization by incorporating a water soluble
acidic protein would be interesting. It would be helped to efficient precipitation of CaCO3 on
the chitin/chitosan matrix.

Also, biopolymers are biodegradable. Therefore, durability of the polymer treated soil
should be investigated in term of dry and wet conditions.

Further, we developed a novel fusion protein to facilitate organic-inorganic hybrid
material formation and we found that it has capability to efficient precipitation of CaCOz on
the chitin matrix. We have some suggestions for further improvement. As mentioned earlier,
deposition of the CaCOs on the insoluble organic matrix is mainly associated with the soluble
acidic protein or silk fibroin like protein. Hence, incorporate silk fibroin like protein in between
the CaBP and ChBD would be helped to efficient organic-inorganic hybrid material formation.
Further, in nature biomineralization mostly associated with the aragonite crystals and it
contributed to gain higher strength for the structure of the organisms. Hence, replace the CaBP
with aragonite binding peptide would be produced hybrid material with higher mechanical
strength. As final goal, investigate the effect of the fusion protein (CaBP-ChBD) on sand
solidification by using extracted urease as well as microbial urease would be more interesting

approach.
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Appendix A

Effects of the poly-L-lysine on the CaCOs crystallization using jack bean urease
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Effect of urease concentration on the CaCOs precipitation with and without poly-L-
lysine
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Figure 1: Variation of the amount of precipitate with the urease concentration with (10

mg/L) and without poly-L-lysine

Morphology change of the crystals with the urease concentration without poly-L-lysine

Figure 2: SEM images of CaCO, precipitates at various urease concentrations without poly-
L-lysine: (a) 0.6 U/ml, (b) 0.9 U/ml, (c) 1.2 U/ml, and (d) 1.5 U/ml.
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XRD Analysis
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Figure 3: XRD pattern of the CaCO3 precipitate obtained using jack bean

Morphology change of the crystals with the urease concentration with poly-L-lysine

Figure 4: SEM images of CaCO, precipitates at various urease concentrations with poly-L-

lysine (10 mg/l): (a) 0.6 U/ml, (b) 0.9 U/ml, (c) 1.2 U/ml, and (d) 1.5 U/ml.
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Effect of the poly-L-lysine concentration on the CaCOs crystallization
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Figure 5: Variation of the amount of precipitate with the poly-L-lysine concentration

(urease concentration-0.3U/ml)
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Figure 6: SEM images of CaCO, precipitates at poly-L-lysine concentrations (a) 10 mg/I,
(b) 30 mg/I (c) 50 mg/I
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Appendix B

Effects of the poly-glutamate on the CaCOs crystallization using jack bean urease
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Effect of urease concentration on the CaCOs precipitation with and without poly-
glutamate
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Figure 1: Variation of the amount of precipitate with the urease concentration with (10

mg/L) and without poly-glutamate

Morphology change of the crystals with the urease concentration with poly-glutamate

Figure 2: SEM images of CaCO, precipitates at various urease concentrations with poly-

glutamate (10 mg/l): (a) 0.6 U/ml, (b) 0.9 U/ml, (c) 1.2 U/ml, and (d) 1.5 U/ml.
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Effect of the poly-glutamate concentration on the CaCOs crystallization
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Figure 3: Variation of the amount of precipitate with the poly-glutamate concentration
(urease concentration-0.3U/ml)
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Appendix C

Effects of the chitosan on the CaCOs crystallization using jack bean urease
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Effect of urease concentration on the CaCOs precipitation with and without chitosan
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Figure 1: Variation of the amount of precipitate with the urease concentration with (0.03 %)

and without chitosan
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Figure 2: SEM images of CaCO, precipitates at various urease concentrations with chitosan

(0.03 %): (a) 0.03, (b) 0.15 U/ml, (c) 0.3 U/ml, (d) 0.6 U/ml, (e) 0.9 U/ml, (f) 1.2 U/ml
(9) 1.5 U/ml (h) 2.1 U/ml
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Figure 3: XRD pattern of the CaCOs3 precipitate obtained using jack bean urease with
chitosan

140



Effect of the chitosan concentration on the CaCOs crystallization
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Figure 4: Variation of the amount of precipitate with the chitosan concentration (urease
concentration-0.3U/ml)

Figure 5: SEM images of CaCO, precipitates at chitosan concentrations (a) 0.03 %, (b) 0.09
%, (c) 0.15 %
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