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Abstract: Recently, designers have begun to pursue sustainability through the fabrication of materials
from living organisms such as bacteria, fungi, and algae in order to address environmental issues.
Based on the potential of materials from living organisms, this study has explored a sustainable
design application using biocement formed thorough microbially-induced calcite precipitation
(MICP), which produces minerals by bacterial metabolic activity. Since most of the studies on
MICP thus far have focused on limited fields such as engineering, biotechnology, and geo-technology,
this study has focused more on improving the application of biocement in design. We optimized
MICP conditions using two parameters (i.e., concentration of urea-CaCl, and bacterial cell density)
through water percolation testing, compressive strength testing, and X-ray diffraction (XRD) analysis.
Then, based on the optimized conditions, material compatibility testing and scalability testing were
performed, and design application research was conducted as well. As a result, biocement has been
identified as a potential sustainable design material, based on its 40% compressive strength compared
to conventional concrete, improved material finish, aesthetic aspects, and environmental impact.
This paper contributes to the development of biocement applications in the environmental design
field through multidisciplinary research ranging from biological experiments to design applications.

Keywords: design for sustainability; biocement; microbially-induced calcite precipitation
(MICP); biodesign

1. Introduction

We are facing a serious global situation in which natural resources are being depleted, as well as
environmental issues such as damage to the planet’s biodiversity, with concerns about sustainability
continuing to grow. Faced with this global crisis, one of the greatest challenges of this century is
changing our infrastructure to be environmentally sustainable.

Driven by environmental responsibility, designers have begun to recognize environmental issues,
leading them to reprioritize their goals and change their materials for a more resilient and sustainable
future [1,2]. One innovative approach for improving sustainability is the convergence of design and
biology [3,4]. Designers are beginning to use living organisms such as bacteria, algae, and fungi
to fabricate sustainable materials and manufacturing methods with reduced environmental impact.
This interdisciplinary research between biology and design has already been applied in a variety of

areas, from manufacturing to architecture, in order to overcome the environmental crisis in the design
field [3,5].
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Concrete is one of the main materials used in the construction industry because of its relatively low
cost and high strength [6]. This industry is growing worldwide at 0.8-1.2% per year, and consumption
is expected to increase to 3.7—4.4 billion tons in 2050 [7].

However, concrete consumes high energy and is an environmentally unfriendly material that
negatively impacts the environment at all stages of its manufacturing process [8]. The cement industry,
which accounts for the major composite of concrete, is one of the largest producers of carbon dioxide
(COy), contributing to 10% of global CO, emissions from the manufacturing process requiring the
burning of fossil fuels to generate extremely high temperatures (1500 °C) as well as the chemical process
for cement creation decomposing calcium carbonate into calcium oxide and CO; [6]. Additionally,
cement’s main ingredients need to be produced and mined on a massive scale and transported
considerable distances, increasing energy consumption, greenhouse gas emissions, and landscape
mutilation [9]. Considering all stages of its production cycle from mining to final disposal, cement is
not a sustainable material and greatly affects the environment.

With this concern for the environmental impact from cement manufacturing, microbially-induced
calcite precipitation (MICP) is currently being explored extensively as a bio-based technique in
multidisciplinary fields such as geotechnical and material engineering, as well as in environmental
applications [8,10-12]. However, there are still some challenges toward application of MICP in
practice [13].

MICP is one of the biomineralization processes that can produce minerals via various metabolic
activities by almost all kinds of bacteria, with the hydrolysis of urea by ureolytic bacteria being one
of the most popular and easily controlled reactions used to precipitate minerals in a short period of
time [14,15].

Sporosarcina pasteurii (formerly Bacillus pasteurii), which is a gram-positive, aerobic, and ureolytic
bacterial species, is used in this study due to its unique features: non-pathogenicity, high stability,
higher urease activity than other urease bacteria, and ability to tolerate high alkaline conditions over
pH 8.5 [12,16,17]. In the MICP process, S. pasteurii plays a major role in creating a high alkaline
environment through urease activity, and may serve as a nucleation site for CaCOj3 precipitation on
its surface [11]. By this process occurring in the pores of unbounded sand, the sand particles adhere
together with calcium carbonate. This cementitious material is called “biocement” and is used as an
alternative sustainable material, since it is produced by a biological process that does not involve
burning fuels or using harmful chemical processes [9].

Enzyme urease is produced by S. pasteurii and catalyzes the hydrolysis of urea into ammonia
(NH3) and carbonic acid (HyCOs3), as shown in Equations (1) and (2). NH3 and HyCO3 are converted
into ammonium (NHy*), bicarbonate ions (HCO3 ™), and hydroxide ions (OH™) by reaction with water,
as shown in Equations (3) and (4). The production of hydroxide ions (OH™) increases the pH value in
the surrounding area (4). As pH increases, bicarbonate ions (HCO3 ™) are converted into carbonate
ions (CO327) (5), which makes bacterial cell surfaces more negative and attracts positively charged
calcium ions (Ca®*) from the environment to deposit onto the cell surface (6) [12,14,18,19].

CO(NH,), + H,0 —* , NH,COOH + NHj )
NH,COOH + H,O — NHj + H,COj3 )
H,CO; <+ HCO;_ + H* @)

2NHj + 2H,0  2NH,_ + 20H"~ (4)
HCO;_ + H* + 20H™ > CO3%~ + 2H,0 (5)
Ca®* + Cell ¢ Cell — Ca?* (6)

Ca’®" + CO32~ +» CaCO;3 7)
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Bacteria may play a major role in creating a high alkaline environment through metabolic activities,
and serve as nucleation sites for CaCOj3 precipitation on their surfaces [20]. During this process, calcium
carbonate is usually precipitated into three polymorphic forms, the order of their usual stability being
calcite, aragonite, and vaterite [11].

The potential benefits of biocement have led designers to begin to apply it to their work [21,22].
However, since MICP is a complex chemical mechanism with many environmental influences [23-25],
the complexity of the MICP procedure creates barriers for applying biocement in the design field.
Furthermore, most of the studies on MICP thus far have generally focused on narrow fields, such as
geo-technology, due to engineering barriers. Therefore this research has focused on the applicability of
biocement in the design for sustainability as follows:

(1) Study of MICP to improve the strength of biocement through water permeability analysis and
compressive strength testing.

(2) Aesthetic and scalability study using biocement.

(3) Design of an eco-friendly building module using biocement.

We have explored biocement applications by considering ecological aspects. Biocement was
applied as a mediator between two issues: decreasing wild bee populations due to habitat loss and
continued expansion of urbanization [26].

Pollinators, especially wild bees, play a vital role in the reproduction of many plant species in the
planet’s ecosystems [27]. However, they are currently under threat, mainly due to urbanization causing
the decline of nest density of wild bees through the loss of ecological features in cities. The surfaces of
urbanized buildings are usually made of solid concrete where wild bees cannot build nests [26]. This is
fatal to wild bees because they build individual nests in small tunnels or holes of dead wood, ground,
and sandy banks for their larvae.

Urban areas will continue to expand and become more diverse, meaning that pollinators will
continue to come into contact with urbanization—even more so than now [28]. Many studies have
found that urban habitats can contain abundantly high pollinator richness and have demonstrated
positive effects on wild bees [29]. If we invite pollinators into our buildings and cities, each building
can both create conditions conducive to our life and simultaneously provide pollination services and
opportunities for ecosystems [30,31].

In this study, we applied biocement as a building skin to pursue urban biodiversity by securing the
habitat of wild bees. This study has obtained biocement with 40% strength of conventional concrete and
has high water impermeability, and it is expected that biocement can be applied in environmentally
friendly exterior materials. The concept of this design work is to achieve sustainability through
interdisciplinary research in ecology, design, and biology. This study contributes to the expansion of
biocement applications and shows the potential convergence between design, biology, and ecosystem
engineering for sustainable environment initiatives.

2. Material and Methods

2.1. Strain and Cultivation

Sporosarcina pasteurii KCTC 3558 was shipped in a freeze-dried state from Korean Collection of
Type Cultures (KCTC). The main culture was inoculated 1% from subculture, and was aerobically
grown in 100 mL NHy4-YE liquid medium (ATCC 1376) on a shaking incubator (N-BIOTEK,
South Korea) with 150 rpm at 30 °C for 9-10 h to the late exponential phase (ODgq 2.5). The NHy4-YE
medium (ATCC 1376) contained yeast extract 20 g/L, (NH4),SO4 10 g/L, and 0.13 M Tris buffer
(pH 9.0) [32]. The culture was cooled and stored at 4 °C before being used for MICP.
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2.2. Sand Characteristics

The sand from Jumunjin beach located at Gangneung, South Korea (grain size of 250 to 500 um)
was used for MICP [33]. In addition, waste marble powder and color sand were used for biocement
compatibility tests. The waste marble powder (<300 um) was obtained from the Marble Sculpture
workshop at the Department of Sculpture of Ewha Womans University in Seoul, South Korea.
Color sand (250-400 um; Uniart Korea, South Korea) was used as a color source.

2.3. Urease Activity Test

Sporosarcina pasteurii and two reference strains of Escherichia coli and Actinobacillus succinogenes
were aerobically cultivated overnight in a 5 mL BHI medium [12] at 150 rpm and 30 °C. Then, 1 mL of
10g/L urea was added to each culture, with cultures then being further cultivated for 10 h. The pH
change by urease activity was measured by Litmus paper.

2.4. MICP (Microbially Induced Calcite Precipitation)

Solutions. For MICP, 8 mL cementation solution, 10 mL bacterial culture, and 10 mL fixative
solution were added to the 15 g sand. The sand was contained in a 10 mL plastic syringe,
and the solutions were added to the top surface containing sand (Figure 1). Three various cementation
solutions were prepared, in which the concentrations of urea (0.12 M, 0.4 M, or 1.5 M) and CaCl,
(0.055 M, 0.2 M, or 0.75 M) were varied. In addition, the solution contained 25 mM NaHCOj3, 150 mM
NH4Cl, and 7.5 g/L brain heart infusion (BHI; Merck, Darmstadt, Germany), and was set to pH 7
(Table 1) [15,21,34]. Two densities (1X, 10X) of bacterial solution were prepared, for which 1X refers
to the bacterial culture and 10X refers to the 10-fold concentrated bacterial resuspension in NHy-YE
medium. The fixative solution was 55 mM CaCl, [21] (Table 1).
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Figure 1. Experimental setup to test two factors affecting microbially-induced calcite precipitation
(MICP): concentration of cementation solution, bacterial density. (a) A plastic syringe (10 mL) was
prepared as a mold and the syringe was filled with sand A to 60 mm height. (b) Bacterial solution,
fixation solution (CaCl, aqueous solution), and cementation solution were sequentially injected into
the top surface of the syringe. (c) Experimental setup for water absorption test. (d) Cutting the sample
in three parts to identify the hardness.
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Table 1. Summary of sand and solutions for MICP.

Control Variable Range References
Grain size 250-500 um [33]
Sand type Sterilization Non sterilization This study
Microorganism Sporosarcina pasteurii [12]
Bacterial solution Bacterial density ODggg 2.4-2.7 [35]
Carbon source Yeast extract [15]
Calcium source CaCl, [36]
Nitrogen source Urea [37]
25 mM NaHCO
Cementation solution Added substances 150 mM NH4C13 [15]
pH 7.0 [15]
Sterilization Non-sterilization This study

Attaching bacteria to

sand particles 55 mM CaCl, [21]

Fixation solution

Module and process for MICP. The biocement mold was fabricated with a non-porous,
non-reactive PVC (polyvinyl chloride) cylinder pipe (0.3 mm in thickness, 30 mm in diameter,
and 60 mm in height) (Figure 2). The bottom of the mold was covered by a perforated steel plate
(0.5 mm in thickness) with a 0.5 mm diameter for effluent. The sand was poured into the PVC pipe
at a height of 10 mm, then 10 mL of bacterial solution (ODgg 2.5) was added on top of the sand and
mixed for a homogeneous bacterial distribution (Figure 2) [38]. Then, 10 mL of fixation solution was
poured onto the top of the sand and mixed with the sand. The above procedure was repeated every
10 mm of height in order to make a 60 mm high sand column. When the sand reached 60 mm, 10 mL of
cementation solution was added on top, where it was allowed to drain out (Figure 2). Then, the mold
was covered with a perforated plate and rotated 180 degrees from the top to the bottom. The 10 mL of
cementation solution was poured onto the top one final time. The cementation solution was applied
twice a day for 20 days to the point that it could not pass through the coagulated surface. After 20 days,
the biocement sample was rinsed with distilled water twice and dried at 60 °C (Table 2).

30 mm Bacterial solution (Clamamiaiien

— Fixation solution solution
T PVC pipe
7 0.3 mm
Cutting
ElE| | | oint
E| B | {4 P -
%8 : Sand
P E‘E Er, Perforated

steel plate 0.5 mm

(@) (b) (c)

Figure 2. Experimental setup for MICP: (a) A PVC pipe was prepared as a mold and a perforated steel
plate was used for drainage. (b) Injection of bacterial solution and fixation solution alternatively on
each sand layer. This process is repeated once again after the mold is inverted. (c) The cementation
solution was injected into the top surface.
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Table 2. Summary of treatment procedure.

Control Variable Range References

PVC cylinder pipe
(0.3 mm in thickness,
30 mm in diameter,
Mold Material and 60 mm in height), This study
Perforated steel plate
(0.5 mm in thickness,
0.5 mm in hole diameter)

Bacterial culture

i 1

Injection Bacterial placement Layer by layer [38]

Injection frequency 2 times a day

Injection time (days) 14-21

Cementation solution — Applied from the top to .
Injection Injection strategy the bottom by gravity This study
Percolation Percolated by gravity
Temperature (°C) 25-30 2
Total injection solution 200

per each sample (mL)

Note: ! Alternating bacterial culture and fixation solution for even distribution of urease activity; > The optimum
temperature for S. pasteurii is 30 °C under field conditions.

2.5. Evaluation of Biocement

2.5.1. Water Percolation and Sand Loss

Water was poured into the pipe until the top edge of the biocement mold was filled. The amount
of water that passed through the biocement sample for five minutes was measured. All samples were
dried at 60 °C, and the biocement sample was weighed in order to compare the weight before and after
water penetration. Then the samples were cut at the 30 mm height to confirm the internal durability of
the biocement (Figure 2).

2.5.2. X-ray Diffraction (XRD) Analysis

The biocement sample was divided into three equal portions (15 mm in height) with a jeweler saw,
and each section was observed through a digital microscope (DISMIS-M, Siwon Optical Technology,
Anyang, Korea) before being ground for XRD analysis.

X-ray diffraction analysis was conducted with a diffractometer (Rigaku D/Max-2000/PC, Rigaku,
Tokyo, Japan) with Ni-filtered Cu Ko radiation. The wavelength of Cu Ko X-rays was 1.5418 A.
Three parts of the sample were ground separately in a mortar until all of the sand particles were finely
ground. Two equal amounts of ground sand were taken from each section for accurate XRD analysis.
X-ray diffraction irradiation was performed according to the position of the sample.

2.5.3. Compressive Strength Test

All surfaces of the biocement samples were made flat for the sake of accuracy. The elastic modulus
(N/m?) of the sample was measured, which is a measure of the resistance to elastic deformation
when the load is applied and compared with high-strength concrete. This compressive strength test
was measured under the upper limit (the area within 0.2% compressive displacement of the initial
specimen). The sample was placed into the machine vertically. A load cell (which converts force into a
measurable electrical output) and a displacement sensor (which measures compressive displacement)
were used measurements conducted in the compressive strength test. While the preload (340 N) was
applied to the sample, an additional 200 N load was applied ten times in order to obtain an average
compressive strength.
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2.6. Material Studies of Compatibility and Scalability Using the Biocement

Microbially-induced calcite precipitation in this study was performed by repetitive steps of mixing
10 mm sand and solutions up to 60 mm in height. During these steps, a small amount of color sand
and waste marble powder were inserted into the middle of layers (Figure 3). The cementation solution
(0.75 M CaCl; and 1.5 M urea) was then used. For scalability testing, mold B (diameter 60 mm) was
prepared in the same way with 120 mm in height with main sand, color sand, and waste marble
powder (Figure 3).

30 mm

:::::O—]-:: — Color sand
4 “"""— Waste
Czzzzzzy  marble powder

.—}‘— Color sand

Figure 3. Different layer composition plan.

60 mm
80 mm

h . L N

2.7. Design Application Using Biocement

The PVC film (0.5 mm in thickness), a non-porous and non-reactive material, was formed in a
hexahedral shape in half the size (85 mm x 45 mm x 28 mm) of the conventional brick size (190 mm
x 90 mm X 57 mm). At the bottom of a hexahedron, perforated steel plates were attached for drainage
(Figure 4). After the PVC mold was cut vertically on one surface, it was fixed with tape. The straw
was then attached 10 mm above the bottom of the mold. Next, the mold was filled with the main
sand, and bacterial culture and fixative solution were alternately poured. This work was performed
every 10 mm in height and repeatedly performed until the sand accumulated up to 90 mm in height.
Non-porous material straw (3 mm) was used as a mold for various sizes of holes. The ends of the holes
were then blocked (Figure 4). Finally, the cementation solution (0.75 M CaCl,, 1.5 M urea) was applied
for 14 days and block modules were dried at 60 °C.

Wild bee Biocement
Tunnel diameters : 2 - 10 mm Straw diameters : 2 - 10 mm
U
Materials : clay, sand, wood — >—— Materials : biocement + tube
i v
B I A Mold : PVC film (0.5 mm in thickness)|
| Brick size (mm) : 90 x 45 x 28

Blocked the ends of the tubes — T

== Drainage : perforated steel plate

Figure 4. Mold design considering wild bees; a 0.5-mm thick PVC film was formed in a hexahedral

shape as a mold.
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3. Results and Discussion

The need for proper laboratory conditions combined with the rigorous procedures of MICP can
be a huge barrier to the application of MICP in multidisciplinary fields; therefore, all experiments
except for bacterial cultivation were conducted under non-sterilized conditions.

3.1. Study of MICP

3.1.1. Cultivation of S. pasteurii for MICP

The Sporosarcina pasteurii was aerobically cultivated in medium NHy4-YE (ATCC 1376). The growth
showed the exponential phase from 3 to 10 h (Figure S1). To produce the largest amount of biocement,
the bacterial culture from the late exponential phase at 9 to 10 h (ODggp around 2.5 to 2.7) was used to
precipitate calcium carbonate crystals (biocement) in the sand.

Microbially-induced calcite precipitation is absolutely dependent on the urease activity of
S. pasteurii, which increases the surrounding pH. The urease activity of S. pasteurii was confirmed
by pH change caused by urea degradation (Figure S2). After the addition of 0.15 M urea, the pH
value of S. pasteurii culture increased to pH 12, while the pH values of cultures of Escherichia coli and
Actinobacillus succinogenes were maintained at pH 6.

3.1.2. Study of Bacterial Solution

The difference in the two densities (1X, 10X) of bacterial solution did not significantly affect the
MICP efficiency according to the results of the water percolation test and the loss of sand weight
(Table 3). The concentrations of cementation solution had a more significant effect on the MICP
results, and the cell density led to very slight differences in MICP efficiency depending on the
concentration of the cementation solution (A-C). Overall, the combination of 1X cell density and
the highest concentration of cementation solution (1.5 M urea and 0.75 M CaCl,) in C1 produced
the biocement sample with the highest water impermeability, lowest sand loss (Table 3), and highest
durability (Figure 5).

Table 3. The concentration of urea-CaCl, and cell density influenced the efficiency of MICP. The largest
amount of biocement sample was formed and the high water impermeability was observed in C with
the highest concentration of urea-CaCl,. Additionally, the least amount of bio-cement was lost after
water permeated it.

[Ureal  [CaCly] Cel! Biocement Water. Bfocement Sample Loss of Sand
Name ) ™) Density Sample Percolation Weight (g) after Water Weight (2)
(time) Weight (g) Quantity (mL) Percolation Test ghtis
All 1 193 51 14.1 5.18
A A2 0.12 0.055 10 17.7 325 16.3 1.42
Bl 1 214 6.2 20.3 1.06
B B2 04 02 10 245 10 241 0.4
c12 1 28.2 0 27.6 0.6
C o 1 075 10 25 0 25 0

Note: The cell density and urea-CaCl, concentration of 1 are used in References [21,39], and those of 2 are used in
References [8,40,41].
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(b)

Figure 5. The result for the MICP optimization condition: (a) The degree of sand hardness differed
depending on the concentration of cementation solution (urea-CaCl,). C1 showed a high degree of
hardness from the top to the bottom. (b) Biocement sample made under optimized conditions.

3.1.3. Study of Cementation Solution

Table 3 and Figure 5 show that the highest concentrations of urea (1.5 M) and CaCl, (0.75 M)
produced the highest MICP efficiency among the three concentrations (A-C). It was observed that C
samples with the highest concentrations of urea (1.5 M) and CaCl;, (0.75 M) had much higher water
resistances than the B and A samples, had only slight sand loss (Table 3), and showed significantly
higher durability at the section cutting (Figure 5).

In contrast, the A samples with the lowest concentration of urea (0.12 M) and CaCl, (0.055 M) had
a large amount of sand loss with weak water resistance (Table 3), resulting in only a small amount of
mass remaining on the top (Figure 5).

Another important factor for cementation solution was the addition of 25 mM NaHCO3, 150 mM
NH4Cl, and 7.5 g/L BHI. Compared with the sample treated with the cementation solution containing
NaHCOs3 and NH,Cl, the sample with the cementation solution containing only urea and CaCl, did
not show any MICP activity.

3.1.4. Study of the Cementation Process

The most optimized method of injecting the bacterial solution, fixation solution, and cementation
solution was as follows: 10 mL of the bacterial solution was poured into 10 g of sand, followed by
the injection of 10 mL of the fixation solution and mixing with sand. The sand, bacterial solution,
and fixation solution were alternatively stacked, and this process was repeatedly performed in order
to fill the mold to the planned height. By alternately injecting bacterial solution and fixation solution
into each layer of sand, the bacteria were evenly distributed and fixed in the sand with a curved shape
and edge of the mold.

When the bacterial solution and the cement solution were mixed together before being injected
into the sand, the biocement was concentrated on the surface of the sample resulting in a weak strength
of the sample. In addition, when the bacterial solution and fixation solution were injected into the
sand without dividing the sand layer, the bottom of the sample was not hardened.

3.1.5. Study of Mold

Material. The material of the mold was made of PVC film (0.3 mm-0.5 mm in thickness) and
the drainage part was made of perforated plate (0.5 mm in thickness) with a diameter of 500 pm.
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The perforated plate showed little adhesion with the biocement sample, indicating that it is necessary
to study other drainage materials. The material of the module was additionally investigated with 3D
printer filament PLA (polylactic acid), concrete, syringe, and wooden material. The 3D filament PLA
material, concrete, and syringe showed adhesion with the biocement sample such that the biocement
sample could not be separated from the mold; the wood had issues with absorption.

Structure. The mold generated the most optimized biocement sample in the form of the vertical
column structure. The transformation of the mold was applied to the plane. To produce uniformity
and repetitive production of the modules, each module was assembled horizontally.

Injection and Drainage Structure. The injection and drainage were designed to be formed in a
vertical structure and the injection port was open at the top. When the injection port was made of
small holes, the biocement was concentrated around the hole, resulting in uneven strength in the mold.
Applying the injection port at the side of the mold interfered with MICP activity. The ideal diameter of
the drainage hole was 500 um or less, considering the average size of the sand particles.

3.2. Mechanical and Chemical Evaluation of Biocement as an Alternative Concrete

A compressive strength test and analysis of mineralogical composition were employed to
determine the biocement sample’s mechanical and chemical properties, respectively.

3.2.1. Compressive Strength Test

Since the elastic modulus (N/m?) of concrete can be expressed only as the compressive strength,
the biocement is also expressed as compressive strength [42]. The elastic modulus (N/m?) of the
biocement sample was analyzed using the compressive strength test (Figure 6a). The biocement
samples were depressed by a load of 540 N ten times (Figure 6b). The elastic modulus (E) of the samples
was determined to be 3.8 x 107 N/m? (Figure 6¢). It was assumed that the difference in strength is
about £30%, depending on the composition of the biocement samples. As a result, biocement sample
has showed 40% strength compared with the average compressive strength value (9.5 x 107 N/m?) of
conventional concrete showing 6 to 13 x 107 N/m? [43]. Therefore, further optimization of biocement
strength may justify biocement as an alternative to conventional concrete for general use.
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Figure 6. (a) Experimental setup for the compressive strength test; five samples produced by
1X bacterial culture and cementation solution (0.75 M CaCl,, 1.5 M urea) were prepared for the
compressive strength test. The elastic modulus (N/m?) of the biocement sample was measured.
(b) Load-displacement measurement. A black line wave indicates that the sample was pushed
ten times by the load of 540 N in the compressive strength and it was endured in the elastic zone.
(c) Load-shrinkage diagram. The blue line indicates measured value and the red line indicates average
value. The elastic modulus (E) of the sample was measured at 3.8 x 107 (N/m?).

3.2.2. XRD (X-ray Diffraction) Analysis

The biocement sample was cut into three equal parts, then the cross-sectional strength and calcium
carbonate composition were visually confirmed. It was found that more CaCO3 was produced at the
top part and that higher strength was shown at the top during cutting. On the surface of the bottom
part, the combination of calcium carbonate and sand did not form evenly and it was easier to cut than
the top (Figure 7a).

Figure 7b shows that characteristic peaks of calcium carbonate at 29.4°, 35.97°, 39.41°, 43.17°,
and 47.5° of 20 are formed in all three parts of the bio-cement sample. Since the CaCO3 peak was not
found in the control sample without bacteria, it was determined that calcium carbonate in the three
parts of the biocement sample was precipitated by MICP activity.

In the calcium carbonate peaks (Figure 7b), the calcite, which has the most stable polymorphic
structure among the crystal structures of calcium carbonate (calcite, aragonite, and vaterite), was found
to be the highest in the calcium carbonate peak. A few peaks of aragonite and vaterite were observed
at the bottom of the biocement sample, but this may be attributable to the temperature, which plays an
important role in the formation and transformation of the calcium carbonate crystals during the MICP
process [44]. Since the calcite enhances bonding between adjacent particles with the hardest bridges,
it is believed that high strength is formed in the top and middle of the biocement sample [45].
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Figure 7. The result of X-ray diffraction (XRD) shows calcium carbonate composition in the biocement
sample: (a) The section of the biocement sample was cut into three equal portions and observed. The top
part (T1) has more precipitation of calcium carbonate than the bottom (B2). (b) The mineral composition
of the biocement sample was analyzed by XRD in each section of the sample (Top, Middle, Bottom).
Control refers to the sand without the bacteria. Circle, calcite; square, aragonite; triangle, vaterite.

3.3. Compatibility Study of Biocement with Other Minerals and Various Formation Study

3.3.1. Compatibility of Biocement

Results from the compatibility test reveal that the biocement was compatible with the color sand
and the waste marble powder, as shown in Figure 8c,d. The color pattern at the bottom of the sample
in Figure 8c showed that the pattern was well formed as initially planned. However, the pattern at the
top part was not formed as initially planned due to the water pressure at the time of injection of the
cementation solution. In addition, the color of the pattern was faded by precipitation of calcite around
the color sand particles. Therefore, it is necessary to consider the color change due to the precipitation
of calcium carbonate when applying color to biocement.
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Figure 8. Different formations using biocement. (a) Cylindrical shape formation using three
different sands that make a pattern on the surface. We planned to have a hole in the center of
the cylinder. (b) Triangle shape formation using biocement. The metal plates are fixed with the sand
by MICP. (c) Biocement sample containing waste marble powder and color sand with 60 mm height.
(d) Biocement sample containing waste marble powder and color sand with 120 mm height, the part
exceeding 60 mm was easily broken. (e) The surface of biocement containing waste marble powder
and color sand.

3.3.2. Improvement of the Finish Quality of Biocement

In terms of the improvement of the finish quality, the surface with the waste marble powder had
formed a softer finish than the surface with the sand, resulting in high-water impermeability and
aesthetic improvement (Figure 8e). It is meaningful that the smooth surface finishes can provide a better
experience to the user. The aesthetic aspects such as compatibility with color and the possibility of a
smooth finish are important when the biocement is applied to products. Therefore, it is considered that
the high compatibility of biocement with color sand and waste marble powder and the improvement
of finishing quality by mixing with marble dust increase the possibility of using biocement in areas
such as product design.

Figure 8a shows the bonding of biocement with three different particle sizes of sand, showing
a smoother surface texture in the sand with smaller particles. It is also possible to develop various
combinations of biocement modules by forming a biocement with a hole in the inside (Figure 8a).
Figure 8b shows the possibility of bonding between the bio-cement and the iron perforated plate.

However, since PVC moldings are slightly deformed during the biocementation process,
uniformity and repeatability should be considered when making various shapes using biocement.

3.4. Large-Scale Test

Two samples of different heights (mold A with 60 mm height, mold B with 120 mm height) were
tested under the same optimized conditions in order to investigate the scalability of the biocement
sample. As a result, it was identified that the sample was hardened only below 60 mm. When the
height of the sample exceeded 60 mm, the part exceeding 60 mm was easily broken or formed into a
weak structure, as seen in Figure 8d. Further scalability studies are needed to optimize the application
of biocement.
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3.5. Potential of Using Biocement in the Design Application

Figure 9 shows concept images of the biocement module using biocement that serves as a breeding
place for wild bees and as brick for construction. As a design application, the module block to house
wild bees can be installed in the garden, which can allow more wild bees to reproduce (Figure 9a).
A biocement module can be installed as one block in the brick wall, or as an independent structure
built with biocement modules.

[ 00 0000O0GOCOO oo 'ttt e,
%§ 0000000000 [eoo it i i1
(b)

Figure 9. Biocement application to bee nesting. Biocement was applied in a brick module to serve as a
nest of wild bees and as a basic building material for human construction. (a) Bee block module installed
in garden. (b) Basic block module and the combination of block modules which have differently-sized
holes to accommodate many wild bees. (c) Bee block prototype fabricated with biocement.

In addition, various combinations of hole patterns can be developed, as shown in Figure 9b,c,
so that many species of wild bees can reproduce in different holes that match their sizes.

The module size used here was 85 mm x 45 mm x 28 mm which is half of the conventional
brick size due to the height limitation discussed in the above study. Considering the habitats of wild
bees, the holes were casted using recycled 2-10 mm polypropylene straws. The holes in the bricks
are blocked on just one side of the habitat of wild bees, and the bees’ nest is protected from moisture
since the biocement does not allow water to pass through. Unfortunately, the polypropylene straws
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used to template the holes were not removed from the brick due to friction between the straw and the
biocement. Thus, the casting material requires other environmentally friendly materials such as wood
tubes to be used in place of polypropylene.

To install the bricks on an independent structure without installing them on the walls, the brick
modules themselves can be manufactured in a form where they are connected to each other. For this
method, we have studied various module types, as seen in Figure 8. For strong integration between the
modules, the module requires unity and high strength, both of which are necessary for development.
As shown in Figure 8, bricks can be applied with various types of sand on the surface, additionally
allowing for an aesthetic that contains a variety of colors and patterns outside the building.

The concept of this design work is to achieve sustainability through interdisciplinary research in
ecology, design, and biology using biocement. In addition, raw materials used for brick modules can
be easily obtained locally in non-sterilized conditions, and can be recyclable as well, as seen in this
study. Thus it can have less of an environmental impact as a sustainable product in consumption and
disposal as compared to conventional cement. In terms of industrial applications using biocement,
the unity, scalability, and repeatability of the modules need to be further explored, but the fabrication
process using biocement can empower users to design a unique module of their choice.

A potential issue in this biocement fabrication processes includes the ammonia produced via
urease activity that may harm the health of animals and humans (though the module smells negligibly
of ammonia after being dried in an oven).

4. Conclusions

In this study, engineering and aesthetic aspects of the MICP process were applied to the
design field. Although the compressive strength of our proposed concrete is still lower than that
of conventional concrete, its potential as a new environmentally-friendly design material has been
observed, showing positive results in terms of water permeability, compatibility with other materials,
and material finish. This research contributes foundational research regarding design applications
using biomaterials by combining knowledge from biological mechanism research, engineering aspects,
and design applications. Future research will focus on improvements in strength and durability,
which are necessary for use as a design material.

Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/10/11/4079/
s1, Figure S1: Growth curve of S.pasteurii, Figure S2: Urease test.
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