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Biomineralization occurring in living organisms is mostly controlled by organic
macromolecules such as polysaccharides and proteins. Recently,
biomineralization has been attracting much attention as a green and
sustainable cementation technique including enzyme-induced carbonate
precipitation (EICP), where CaCOs is formed by hydrolysis of urea by urease in
the presence of calcium ions. In this study, we have developed a novel hybrid
biocementation method combining CaCOs and cellulose nanofiber (CNF). In
nature, matrix proteins work as a binder at the interface of organic and
inorganic materials to form hybrid biomaterials. By mimicking the natural
system, we designed an artificial fusion protein to facilitate the deposition of
CaCOz on CNF. Calcite-binding peptide (CaBP) and carbohydrate-binding
module (CBM) were introduced in the artificial fusion protein CaBP-CBM to
connect CaCOs and cellulose. The addition of CNF in the EICP system resulted
in the formation of a number of small particles of CaCOs compared to a non-
additive system. The addition of the fusion protein CaBP-CBM to CNF led to an
increase in the size of CaCOs particles. Furthermore, the combination of CaBP-
CBM and CNF provides higher strength of samples in sand solidification.
Therefore, introduction of CNF and the fusion protein would be promising for
novel biocementation techniques.
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1 Introduction

Biomineralization-inspired materials gained much attention recently in various fields as
environmentally friendly and sustainable green composite materials (Saito et al., 2014; Kuo
et al,, 2018; Nawarathna et al., 2021). In biomineralization, the organic matrix plays a vital
role and controls the nature, morphology, and orientation of the mineral phase (Dalas et al.,
2000). Generally, the organic matrix of biominerals contains polysaccharides such as chitin
and cellulose and inorganic materials such as calcium carbonate (CaCO;), calcium
phosphate, hydroxyapatite, and silicate (Dalas et al., 2000; Kuo et al, 2018). Neutral
pH and ambient temperature are most suitable for the formation of biominerals, and
compared with the non-biogenic minerals, biominerals show higher mechanical strength
(Arakaki et al., 2015). Calcium carbonate in molluscan shells (Stephen and Lia, 1997),
hydroxyapatite in the bones and teeth of mammals (Dorozhkin and Epple, 2002), and silica
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in diatoms (Chambers et al., 1999) are some good examples for
biomineral formation in nature.

Among the biominerals, CaCO; is abundant in most of
organisms, and this biogenic CaCO; exhibits excellent optical
and mechanical properties (Shi et al, 2022). The nacre of
mollusk shells consists of an organic/inorganic layered structure
where aragonite CaCOj; has been deposited on chitin sheets to form
a tough and hard structure (Jackson et al., 1990). In the exoskeletons
of crustaceans, amorphous CaCOj; is formed in the chitin matrix
with the assistance of matrix proteins. This composite makes the
exoskeletons of crustaceans flexible, tough, and transparent (Kuo
et al.,, 2018).

Matrix proteins play an important role during the formation of
biogenic CaCOj3 on the organic matrix. In nature, different kinds of
proteins have been assisted for efficient formation of organic-CaCO;
hybrid materials (Sudo et al., 1997; Suzuki et al., 2009; Inoue et al.,
2014). In the exoskeleton of the crayfish, the acidic protein CAP-1 is
involved in the efficient formation of CaCOj; on chitin (Sugawara
et al., 2006). In addition to the binding property of CAP-1 to chitin,
it promotes CaCO; formation due to the presence of seven acidic
amino acids at the C-terminus (Rebers and Riddiford, 1988;
Sugawara et al., 2006). Similarly, several other matrix proteins
have been identified from the mantle of Hemitoma cumingii (Jin
et al,, 2019), pearl oyster (Nakayama et al., 2013), nacreous layer of
Pinctada margaritifera (Montagnani et al., 2011) etc., which support
the formation of CaCO; on chitin. Due to the associated higher
strength, fracture resistance, and toughness of biominerals, today,
researchers have taken steps to synthesize CaCOs-organic hybrid
materials by mimicking the concept of biomineral formation for
different industrial applications.

In our previous research, by mimicking the nature, an artificial
fusion protein was developed for the efficient precipitation of CaCOj3
on chitin to accelerate the efficiency of the enzyme-induced bio-
cementation process (Nawarathna et al., 2021). Enzyme-induced
carbonate precipitation (EICP) is a novel, sustainable, and eco-
friendly bio-cementation method where biogenic CaCO; is
produced by bio-geochemical reactions stimulated by the enzyme
urease. Urease is a nickel-containing enzyme (Maroney and Ciurli,
2014) which has the capability to hydrolyze urea into ammonia and
bicarbonate ions. Under the alkaline condition, in the presence of
calcium ions, CaCOj is produced (DeJong et al., 2006; Whiffin et al.,
2007; Gowthaman et al., 2019). It has been proven that this biogenic
CaCOj; can work as a better bio-cementing material (DeJong et al.,
2006; Whiffin et al., 2007; Gowthaman et al., 2019). The efficiency of
the process and properties of the bio-cement can be further
improved by introducing organic materials into the process
(Hamdan et al, 2016; Zhao et al., 2016). However, having the
matrix protein at the interface of organic and inorganic materials
provides a better binding between the organic and inorganic
materials and forms excellent hybrid materials.

In this research, an artificial recombinant protein was developed
to produce an organic-inorganic hybrid green material by efficient
formation of CaCOj; on the cellulose biopolymer. Same as chitin,
cellulose is one of the most abundant, biodegradable, non-toxic, and
highly crystalline natural polysaccharide mainly derived from
biomass (Kramar and Gonzilez-Benito, 2022; Ezquerro et al.,
2023). It is a linear polymer containing D-glucopyranose units
linked via the P-1-4 glycoside bond (Klemm et al, 2005).
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Cellulose nanomaterials are extensively used in different fields
such as food packaging, drug delivery, in biomedical materials,
sensor, biodegradable plastics, and composites (Klemm et al,
2005; Vilela et al., 2010). Nowadays, cellulose-CaCO3 composites
have gained much attention, especially in bio-medical applications
and also in protective packaging and flexible display panels with
high impact resistance (Saito et al., 2014).

In this research, a cellulose~CaCO3 composite was produced by
using the EICP process with cellulosic materials. An artificial fusion
protein CaBP-CBM composed of calcite-binding peptide (CaBP)
and carbohydrate-binding module (CBM) was developed in order to
achieve efficient precipitation of CaCO; on the cellulose matrix
(Figure 1). Here, the carbohydrate-binding module (CBM3) from
Clostridium thermocellum (Hong et al., 2007) and CaBP with a short
sequence (Sarikaya et al., 2003) were used to fabricate the fusion
protein. CBM3 has a great ability to bind to cellulosic materials
(Mwandira et al., 2020), and CaBP has an ability to bind to CaCOj;
(Sarikaya et al., 2003). The effect of the recombinant protein on
CaCOs; crystallization and formation of the cellulose-CaCOs;
composite was analyzed. Furthermore, the effects of the produced
bio-composite material on sand densification were examined by
using urease-mediated biocementation.

2 Materials and methods

2.1 Materials

The synthetic gene of calcite-binding peptide (CaBP:
DVESSFNLKHMR) derived from the phage-display system
(Sarikaya et al., 2003) was purchased from GenScript (Tokyo,
Japan). The carbohydrate-binding module, CBM3 (hereafter
named as CBM), from Clostridium thermocellum (Accession,
Q06851) (Hong et al., 2007; Mwandira et al., 2020; Togo et al.,
2020) optimized for the expression in E. coli was purchased from
Eurofins Genomics (Tokyo, Japan). Tryptone and yeast extract were
purchased from BD Biosciences Advanced Bioprocessing (Miami,
FL, United States). isopropyl  B-D-
thiogalactopyranoside (IPTG) were obtained from Nacalai Tesque
(Tokyo, Japan). (CNF, product name:
nanoforest-S) was purchased from Chuetsu Pulp & Paper Co.,
Ltd. (Takaoka, Japan). All other organic materials and chemical

Ampicillin ~ and

Cellulose nanofiber

reagents were purchased from Wako Pure Chemical Industries Ltd.

2.2 Gene construction and protein
expression

The structure of the fusion protein CaBP-CBM prepared in this
research is shown in Figure 1A. The vector construction for CaBP-
CBM was conducted in a similar manner as in our previous study
(Nawarathna et al., 2021). Briefly, the gene for CaBP was introduced
at the N-terminal region of the CBM gene by the polymerase chain
reaction (PCR) using PrimeSTAR Max DNA polymerase (Takara
Bio, Japan). The pET-15b vector (Novagen) was linearized using
Nde I'and Xho I restriction enzymes (New England Bio Labs, Japan),
and the amplified CaBP-CBM gene was inserted by the In-Fusion
system (Takara Bio) to construct the expression vector pET15-

frontiersin.org


https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2023.1305003

Nawarathna et al.

Calcium-binding
X peptide (CaBP)

»

Fusion protein (CaBP-CBM)

B  Fusion protein

Cellulosic materials
(Avicel, CNF)

FIGURE 1

Biocement
formation

10.3389/fbuil.2023.1305003

Carbohydrate binding
module (CBM)

(A) Structure of the fusion protein (CaBP-CBM). (B) Conceptual illustration of CaCO3z formation on cellulosic materials.

CaBP-CBM. Here, restriction enzyme sites were selected to include a
His-tag at the N-terminus of CaBP-CBM. E. coli BL21 (DE3) was
transformed with pET15-CaBP-CBM and cultured at 37°C and
160 rpm in LB-Amp medium until the ODg, attained a value of
0.5. Then, protein expression was induced by adding 0.5 mM IPTG
and shaking at 30°C and 160 rpm for 24 h. By centrifugation of the
cell suspension (8000 x g, 4°C, 10 min), bacteria cells were harvested
and re-suspended in lysis buffer. The cell lysate was obtained by
disruption of the cells using ultrasonication (VCX-130, Sonics &
Materials Inc., United States; strength: 30%, 2 min). Then, the cell
debris was removed by centrifugation (4°C, 12,000 x g, 20 min) of
the lysate. Since SDS-PAGE (Atto Company Limited, Tokyo, Japan)
has confirmed that the protein was expressed as a soluble protein,
purification of the protein was done by His-tag purification using
Bio-Scale Mini Nuvia IMAC Cartridges (Bio-Rad Laboratories, Inc.,
Tokyo, Japan). The purified protein was concentrated using Amicon
Ultra-4 (10kDa), and then the buffer was replaced with Tris-
HCI (pH 9).

2.3 Cellulose-binding assay

The ability of the fusion protein CaBP-CBM to bind to
microcrystalline Avicel and cellulose nanofiber (CNF) was
investigated. Cellulosic materials (15 mg/mL) were mixed with
CBM (265 ug/mL) in 50 mM Tris-HCl buffer (pH 9) and shaken at
25°C. To measure the rate of binding of the fusion protein to
cellulosic materials, samples were collected at different time
intervals (0, 5, 10, 30, 60, and 120 min). The supernatant of the
collected samples was obtained by centrifugation (13,000 x g,
10 min). To calculate the adsorption of the fusion protein on
the of the
supernatant was measured.

cellulosic  materials, protein  concentration
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2.4 Effect of additives on CaCO5
precipitation by the urease enzyme

The calcium carbonate (CaCOj3) precipitation experiment was
conducted with different additives by using the urease-induced
carbonate precipitation method. Urease can hydrolyze urea to
produce ammonia and bicarbonate ions. In the presence of
calcium ions, bicarbonate ions instantaneously give calcium
carbonate (CaCOj;). The process is induced by the generated
ammonia (Nawarathna et al,, 2019). Extracted jack bean urease
(2.5 U/mL, Wako Pure Chemical Industries Ltd., Tokyo, Japan) was
used for the experiments with 0.75 mol/L of CaCl, and 0.75 mol/L of
urea. The same concentration of cellulosic material (3.8 mg/mL)
used for the adsorption test was selected for the precipitation test,
while the fusion protein concentration (66 ug/mL) was selected
independently. Specimens were prepared without the protein,
with fusion protein (66 pg/mL), with CNF or microcrystalline
Avicel (3.8 mg/mL), and with both CNF/microcrystalline Avicel
(3.8 mg/mL) and fusion protein (66 pug/mL). The reaction mixture
was kept in the shaking incubator for 24 h at 25°C and 160 rpm, and
the precipitate was separated from the supernatant by centrifugation
(24°C, 12,000 rpm, 10 min). The precipitate was washed with
distilled water and freeze-dried. Morphology and polymorphs of
the precipitated CaCO; were analyzed by using scanning electron
microscopy (SEM; Miniscope TM3000, Hitachi, Tokyo, Japan) and
X-ray diffraction (XRD; MultiFlex, Rigaku Co., Ltd., Tokyo, Japan).

2.5 Sand solidification by urease-producing
bacteria

A sand solidification experiment was conducted for oven-dried
(110°C for 2 days) Mikawa silica sand (No. 4) by using microbial-
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SDS-PAGE analysis of (A) expression and (B) purification of the target fusion protein CaBP-CBM.

induced carbonate precipitation (MICP). Urease-producing bacteria
Sporosarcina sp. isolated from Miyazaki prefecture, Japan, were used
for the experiments. The bacterial culture was prepared using an
NH4-YE medium by following the same procedure previously
described (Nayanthara et al., 2019). The effect of the amount of
CNF on sand solidification was investigated by mixing different
amounts of CNF (0, 0.025, 0.05, 0.1, and 0.2 g) with Mikawa sand
(40 g). Then, a 30-mL syringe was filled with the sand—-CNF mixture
in three layers, and each layer was subjected to 20 numbers of
hammer blows. First, the bacterial suspension (16 mL, ODggo = 1)
was injected into the syringe and kept for 20 min for a better
attachment of the bacteria into the sand particles. Next, the
bacteria solution was drained out from the outlet, leaving the
solution at 2 mm above the surface of the sand. The cementation
solution (20 mL; 0.5 M urea, 0.5 M CaCl,, 3 g/L nutrient broth) was
added to the syringe and drained out from the outlet, leaving the
solution at 2mm above the surface of the sand to maintain
saturation condition. Experiments were conducted in an
incubator at 30°C for 14 days.

The bacteria suspension was injected into the sample two times,
during the 1st day and the 7th day. After 14 days, the samples were
removed from the syringe, and unconfined compressive strength
(UCS) was determined by a needle penetration device (SH70,
Maruto Testing Machine Company, Tokyo, Japan).

Similarly, experiments were conducted by adding additives.
Samples were prepared with no additive, with CNF (0.025 g),
with fusion protein (1.320 ug), and with both CNF and fusion
protein.

Frontiers in Built Environment

3 Results and discussion

3.1 Gene construction and protein
expression

Expression vectors pET-15b harboring the CaBP-CBM could be
successfully prepared, and DNA sequencing of the gene was
confirmed. According to the SDS-PAGE analysis (Figure 2A),
CaBP-CBM was expressed successfully as a soluble protein in
E. coli. A lower temperature (30°C) was used for the induction of
protein expression by IPTG to avoid misfolding of proteins, which
leads to formation of inclusion bodies (Nawarathna et al., 2021). As
shown in Figure 2B, the expressed protein could be purified
IMAC  Ni-charged
ultrafiltration, the purified protein was concentrated, and the
buffer was replaced with Tris-HCI buffer (pH 9) since CBM3 has
a higher binding affinity to cellulose at higher pH (Hong et al., 2007).

successfully using an column. By

3.2 Solid-binding assay

We used different types of cellulosic materials, microcrystalline
Avicel and CNF, and their morphologies were totally different as
shown in Figure 3A. The binding ability of the fusion protein CaBP-
CBM to these cellulosic materials was investigated. As shown in
Figure 3B, over 90% of the fusion protein was adsorbed to CNF,
while adsorption to Avicel was quite lower. CBM was well-known to
be bound to cellulosic materials (Hong et al., 2007; Mwandira et al.,
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(A) Microscopic images of (a) microcrystalline cellulose (Avicel) and (b) cellulose nanofiber (CNF, nanoforest). Scale bars indicate 100 um. (B)

Adsorption profile of the fusion protein on Avicel and CNF.

2020; Togo et al,, 2020), mostly through hydrophobic interaction
(Chang et al,, 2018). CBM3 is classified as type A, which has a
surface-binding property, while type B and type C have glycan
chain-binding and small sugar-binding properties (Boraston et al.,
2004). Since CNF has a larger surface area, the binding ability of
CBM was much higher than that of microcrystalline Avicel.

3.3 Effect of additives on CaCOz
precipitation by using the EICP method

Biological CaCOj; precipitation was conducted by using the EICP
method with no cellulosic material, Avicel, and CNF in the presence or
in the absence of the fusion protein. Figure 4 shows the SEM images of
the precipitated CaCOj; in each experimental condition. Rhombohedral-
shaped crystals were formed with no additive (Figure 4A), and these
crystals were found to be calcite by XRD analysis (Supplementary Figure
S1). The addition of the fusion protein produced a different type of
crystal of CaCOs, that is, the agglomeration of small rhombohedral
crystals and spherical- or flower-shaped crystals (Figure 4B). XRD
analysis revealed that the crystals found in Figure 4B would be
calcite and vaterite (Supplementary Figure S1). Calcite is the most
stable type of polymorphism of CaCO; and is usually formed in
urease-induced precipitation with different morphologies including
rhombohedral, elongated, polyhedron, trigonal prism, or rod-shaped
(Cheng et al,, 2017; Xu et al., 2017; Hsu et al,, 2018; Nawarathna et al,,
2018). Flower-shaped vaterite crystals have been reported in previous
papers (Navarro et al., 2007; Nawarathna et al,, 2021). Organic materials
promote the formation and stabilization of vaterite, which is the

Frontiers in Built Environment

metastable form of CaCO; polymorphism (Falini et al, 1998;
Ouhenia et al., 2008). Supersaturation of the solution plays a role in
the formation of vaterite crystals. Less stable CaCO; polymorphism such
as vaterite is formed first at higher supersaturation (Lopez et al., 2001;
Trushina et al, 2014) and is subsequently converted to more stable
forms, such as calcite or aragonite. When the viscosity of the reaction
mixture is higher, it encourages the enhancement of local ion
concentration, and it leads to an increase in the supersaturation of
the solution (Svenskaya et al., 2018). In the presence of the fusion
protein, viscosity of the reaction mixture is comparatively higher than
that of the reaction mixture without the fusion protein. Therefore, due to
the presence of the fusion protein CaBP-CBM, the reaction mixture
became supersaturated, resulting in the formation of vaterite crystals
(Svenskaya et al., 2018). Furthermore, formation of vaterite crystals was
accelerated under a higher concentration of the fusion protein due to the
higher viscosity of the reaction mixture (Supplementary Figure S2).

With the addition of Avicel, the size and the number of
rhombohedral crystals became smaller (Figure 4C), but it became
bigger and increased by the combination of the fusion protein along
with the formation of flower-shaped crystals (Figure 4D). Therefore,
the fusion protein would contribute to the formation of calcite and
vaterite in EICP-based CaCOj; formation.

In the presence of CNF, smaller-sized rhombohedral crystals and
agglomeration of rhombohedral calcite crystals were formed, as shown
in Figure 4E. According to the SEM image, CNF has promoted the
precipitation of the most stable form of CaCO; polymorphism.
Previous research also found the formation of rhombohedral calcite
crystals in the presence of cellulose fibers (Dalas et al., 2000; Vilela et al.,
2010). Formation of a large number of small crystals without the growth
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FIGURE 4

(B) vaterite S

SEM images of the CaCOs precipitate with (A) no additive, (B) fusion protein, (C) Avicel, (D) Avicel + fusion protein, (E) CNF, and (F) CNF + fusion

protein. Scale bars indicate 100 pm.

of the individual crystals would be mostly due to steric hindrance.
Crystal growth of calcite could possibly be restricted by the limited space
because of the tightly packed microenvironment of nanofibers. It is also
confirmed by the results that clearly show the reduction of crystal size
with the increase of CNF concentration (Supplementary Figure S3).
With the addition of the fusion protein to the CNF system, the size of
crystals became bigger (Figure 4F). The precipitate consisted of CaCO3
crystals with different morphologies rhombohedral,
polyhedron, and a small number of spherical crystals. The
rhombohedral and polyhedron crystals would be calcite, and the
spherical crystals should be vaterite. As mentioned above, organic

such as

materials assist in stabilizing the metastable form of CaCOs;
polymorphism. Polycrystalline particles appeared on the crystal
surface, probably due to the absorption of the protein into the
growing crystal faces. Even though space is limited, the fusion
protein assisted to overcome it, leading to crystal growth by
reducing the activation energy of nucleation to promote crystal
growth. Amino acids have an ability of reducing the activation

Frontiers in Built Environment

energy of nucleation to promote crystal growth (Briegel and Seto,
2012). Previous studies revealed that most of proteins related to CaCO5
biomineralization are richer in acidic amino acids than in basic amino
acids (De Oliveira and Laursen, 1997; Sugawara et al., 2006). On the
other hand, it was also reported that some basic amino acid residues in
matrix proteins have assisted in CaCO; biomineralization (Jain et al.,
2017). CaBP in the fusion protein shows positive charge because it is
rich in basic amino acids such as lysine, histidine, and arginine residues
(Nawarathna et al., 2021). Since the pH of the reaction mixture was
around 9, arginine (dissociation constants/pK, = 11) was completely
positively charged, and lysine (pK, = 9) was partially charged, while
histidine was almost electroneutral (pK, = 7). Similarly, a higher
amount of basic amino acids (positively charged) is present in CBM
of the fusion protein. The presence of a higher amount of basic amino
acids in the fusion protein could contribute to the promotion of CaCO5
formation. Our previous research also reported a higher performance of
CaCO; precipitation in recombinant protein composed of CaBP and
chitin-binding domain (Nawarathna et al., 2021).
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(A) Strength of biocemented sand specimens with different CNF content. (B) SEM images of solidified sand with (a) no additive and (b) CNF. Arrows show the
connecting points between sand particles. Scale bars indicate 200 pm. (C) Comparison of the strength of biocemented sand with different additives.

3.4 Sand solidification

Sand solidification experiments were conducted with different
amounts of CNF without the addition of the fusion protein. Sand
was solidified by MICP by adding 0, 0.025, 0.05, 0.1, and 0.2 g of CNF.
Figure 5A shows the UCS value obtained in the solidified samples with
different CNF content, and the UCS results are based on the single-
specimen test for each case. Compared with the control sample (0 g of
CNF), the UCS of the biocemented specimen has increased by 35% by
adding 0.025 g of CNF. As shown in Figure 4, a larger number of small

Frontiers in Built Environment

07

crystals were formed in the presence of CNF. A large number of smaller
CaCOs; crystals could be filled in the pore spaces between the soil
particles effectively, resulting in the increase in strength of the specimen.
In addition, CNF could work as a bridge to connect sand particles to
provide higher strength, while the control sample without CNF showed
less bonding between sand particles (Figure 5B). In the sand
solidification process, pore spaces between sand particles should be
filled appropriately, and an adequate bridge between sand particles
should be formed to achieve a higher strength (Harkes et al., 2010).
However, further increase of CNF content has led to a decrease in UCS,
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and specimens show lower strength than the control sample without
CNE. Addition of excessive fibers would just fill the pore space without
cementation by CaCOj;. Furthermore, bacteria cells would be attached to
the fiber surface in the system with higher CNF content, resulting in the
decrease in CaCO; formation, which is necessary for bridging sand
particles. Because of the high contents of fiber, clogging could occur in
the specimen, leading to a non-uniform distribution of bacteria and
CaCOj; formation, which could cause the weakness of the solidified sand.
Previous works also found the reduction of the strength of biocemented
soil with the increase of the fiber content (Li et al., 2016; Fang et al., 2020;
Chen etal,, 2021). Li et al. (2016) mentioned that optimum fiber content
(polypropylene fiber) for biocemented sand is 0.2%-0.3%. Further
increase of the fiber content will cause non-uniform distribution of
bacteria, which leads to more precipitation on the fiber surface than on
the contact points between the soil particles. Even though higher fiber
content reduces the strength of the soil, it makes the sample more ductile
(Chen et al., 2021). Generally, biocemented sand is a brittle material.
Brittleness of the sample can be reduced, and ductility can be increased
by adding fibers (Chen et al., 2021).

The effect of the type of additives (fusion protein, CNF, and
combination of CNF and fusion protein) on sand solidification was
investigated (Figure 5C). Samples with these additives show higher UCS
values compared to the control sample (no additive). The strength of the
sample has increased by 18%, 35%, and 44% with the addition of the
fusion protein, CNF, and with both CNF and the fusion protein,
respectively. The fusion protein has a greater contribution to the
acceleration of CaCO; formation. At the same time, CNF acted as a
bridge to combine soil particles. By the combination of these positive
effects in solidification, the desirable solidification could be achieved in
the CNF + fusion protein system.

4 Conclusion

A novel fusion protein, CaBP-CBM, was fabricated by the fusion of
CaBP with CBM in order to promote efficient formation of CaCO3 on
the cellulose matrix. The developed recombinant protein showed a great
influence on CaCOj crystallization and controlled the polymorphism of
the crystals. Only calcite crystals were formed without any additives,
while both calcite and vaterite crystals were formed with additives. The
crystal’s size also significantly increased with the fusion protein. The
combination of the fusion protein and CNF considerably improved the
biocementation process by providing higher strength in solidified sand.
The developed fusion protein is a more sustainable approach to produce
organic-inorganic hybrid composite materials for various industrial
applications basically as a biocement, as a filler material for the paper
industry, drug delivery, bio-medical applications (bone repair materials
and artificial heart valves), and as functional materials for the water
pre-treatment process.
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