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A newly-isolated Lysinibacillus sp. strain WH could precipitate CaCO; using calcium acetate
(Ca(C,H;0,),), calcium chloride (CaCl,) and calcium nitrate (Ca(NO;),) via non-ureolytic processes. We
developed an algorithm to determine CaCO; crystal structures by fitting the simulated XRD spectra
to the experimental data using the artificial neural networks (ANNs). The biogenic CaCO; crystals
when using CaCl, and Ca(NO;), are trigonal calcites with space group R3¢, while those when using
Ca(C,H;0,), are hexagonal vaterites with space group P6;22. Their elastic properties are derived from
the Voigt-Reuss-Hill (VRH) approximation. The bulk, Young'’s, and shear moduli of biogenic calcite are
77.812, 88.197, and 33.645 GPa, respectively, while those of vaterite are 67.082, 68.644, 25.818 GPa,
respectively. Their Poisson’s ratios are ~0.3-0.33, suggesting the ductility behavior of our crystals.
These elastic values are comparable to those found in limestone cement, but are significantly larger
than those of Portland cement. Based on the biocement experiment, the maximum increase in the
compressive strength of Portland cement (27.4%) was found when Ca(NO;), was used. An increased
strength of 26.1% was also found when Ca(C,H;0,), was used, implying the transformation of less-
durable vaterite to higher-durable calcite. CaCO; produced by strain WH has a potential to strengthen
Portland cement-based materials.

Cement is one of the most used construction materials due to its durability and being widely affordable. An
increase in cement consumption has led to a negative impact on the global environment. The CO, emission
from the production of cement-based materials in industries has constituted up to 3.4% of the total CO, global
emission and 8-10% of global anthropogenic CO, emissions'. The inevitable consequences of long-term usage
of the cement-based materials are the formation of microcracks within the infrastructure due to exposure to
environmental factors such as temperature changes, corrosive substances, and external loads. These factors then
affect mechanical properties of the materials including compressive strength, tensile strength and permeability>.
Traditional approaches which have been used to repair cracked materials are, for example, the use of epoxy resin
or polyurethane to seal the cracks. This way may lead to secondary cracking because those chemicals have dif-
ferent coefficients of thermal expansion to cement-based materials®. Therefore, alternative repair technology is
needed to widely investigate in order to reduce environmental impacts.

Recently, many research has focused on an application of biological substances to enhance mechanical proper-
ties of cement, specifically strength improvement via bacterial mineralization called microbially induced calcium
carbonate precipitation (MICP)*. Under suitable conditions bacteria are capable of influencing calcium carbonate
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(CaCO;) precipitation during their metabolic processes. Benefits of using calcifying microorganisms to improve
mechanical properties of cement are that these microbes can heal the cracks from the inside, resulting in homo-
geneity of the repaired materials. Moreover, biological approach is often more environmentally-friendly since
no toxic chemicals or high consumption of energy is required like what is needed for the chemical and physical
approaches, respectively>®.

There are two types of bacterial metabolisms involved in MICP, urea hydrolysis and non-ureolytic processes
such as ammonification of amino acids, denitrification, dissimilatory of sulfate reduction and photosynthesis”®.
The release of metabolites from these reactions can create a high pH environment, which is favorable to CaCO;
precipitation. Bacterial cells then act as nucleation sites for CaCOj; crystal formation’. Among these metabolic
processes, urea hydrolysis is less complex and thus its pathway is the most widely studied'®. Nevertheless, urea
hydrolysis produces ammonia as a byproduct causing an increased risk of steel corrosion in reinforced concrete''.
Therefore, non-ureolytic reactions become more interesting for actual applications. In this work, we then focus
on the growth and potential application of calcifying bacteria which can produce CaCOj in the absence of urea.

CaCO; precipitated by bacteria can be used for the biodeposition treatment of engineering constructions.
Chahal and Siddique'? found that Sporosarcina pasteurii in the concrete could seal the cracked surface through
calcite production. However, the long-term performance of the repaired materials depends on the crystal struc-
ture of the deposited CaCOs. There are several factors influencing the formation of CaCO; by bacteria including
calcium sources, pH, dissolved inorganic carbon and availability of nucleation sites'*!'*. De Muynck et al.'® dis-
covered that the composition of nutrients during biodeposition of CaCO; within the cement and bacterial strains
has significantly influenced the morphology of CaCOj; crystals'®. The crystal morphology could be, for example,
rhombohedral, orthorhombic, hexagonal and spheroid!’. The potential use of calcium chloride (CaCl,), calcium
acetate (Ca(CH;COO),) and calcium nitrate (Ca(NO;),) for improving the durability and repairing cracks of
concrete was also reported'®. Many studies showed the benefit of MICP to strengthen cement and concrete by
applying CaCl, as a calcium source. However, it is commonly known that chloride penetration will cause the
depassivation and electrochemical corrosion of the embedded steel reinforcement, and thus negatively affect
durability of the materials®. In this work, we attempted to compare the use of different calcium sources, includ-
ing Ca(CH;COO0),, CaCl, and Ca(NOs),, for bacterial growth and calcification in order to suggest alternative
calcium compound(s) to replace CaCl, for actual engineering applications by our strain.

The scope of this work was to investigate the ability of a newly-isolated Lysinibacillus sp. strain WH to precipi-
tate CaCO; using different calcium sources as was previously mentioned. The aim was to characterize the crystal
structure of the obtained CaCO;. The sizes and structures of CaCOj; crystals can greatly affect the physical prop-
erties of cementitious composites such as the compressive strength, the durability, and the cement hydration®.
In this study, we developed an algorithm that employed the artificial neural networks to determine the crystal
structures of CaCO;. The corresponding elastic parameters including the bulk modulus, Young’s modulus, shear
modulus and Poisson’s ratio were predicted based on Voigt-Reuss-Hill (VRH) approximation®. The quality of
CaCO; obtained in this work was also experimented as a mixture in Portland cement. The comparison of the
compressive strength of Portland cement with and without strain WH inoculation were discussed.

Methods

Bacterial isolation and identification. Saline soil samples were collected from an abandoned paddy
field in Surin, Thailand (14°54'14.2"N 103°53'29.1"E). Ten grams of samples were mixed with B4 medium (per
liter: 4 g yeast extract, 5 g dextrose, 2.5 g calcium acetate and 1.5% (w/v) agar for solid medium, pH 8.2)*. Soil
suspension was shaken at 150 rpm, 30 °C, 7 days. The serially-diluted suspension was plated onto B4 agar. Colo-
nies developed white deposits were subcultured onto fresh B4 agars until pure cultures were obtained. Stock
cultures were kept in 20% (v/v) glycerol at -80 °C for further experiment.

Genomic DNA of the isolate was extracted by using a Bacterial DNA Extraction Kit (Vivantis, Malaysia)
following manufacturer’s instructions. PCR amplification of 16S rRNA genes was carried out using a universal
PCR primer pairs for the bacterial 16S rRNA gene as follows: 27F (5'-AGAGTTTGATCCTGGCTCAG-3") and
1492R (5-GGTTACCTTGTTACGACTT-3')?. The reaction mixture consisted of 50 ng of template DNA, 1 x
Taq polymerase buffer, 20 pmol of each primer, 2.5 mM of dNTPs, 2.5 U of Taq DNA polymerase and DNase-
free water was added to a total volume of 50 ul. PCR conditions were 94 °C for 5 min, and then 94 °C for 1 min,
56 °C for 1 min, 72 °C for 1 min, followed by 72 °C for 10 min, 30 cycles. PCR products were verified by a gel
electrophoresis and were then purified using an AmbiClean kit (Vivantis, Malaysia) following manufacturer’s
instructions. DNA was quantified using a micro-volume spectrophotometer (Maestrogen, Taiwan). Purified
PCR products were submitted to Macrogen (Republic of Korea) for sequencing. The 16S rRNA gene sequences
were identified by BLAST against the sequences on the Genbank database on NCBI. Phylogenetic relationships
of the 16S rRNA gene sequences were constructed using MEGA 6.0 software®.

Growth of a bacterial isolate using different calcium sources. Ca(CH;COO),, Ca(NO3), and CaCl,
which are common admixtures used in engineering materials were used as sources of calcium ions. B4 medium
was modified by replacing Ca(CH;COO), in the medium with other calcium compounds mentioned earlier.
The pH of the medium was initially adjusted to 7.0 in all experiments, which were performed in triplicate each.
Non-inoculated flasks were set up as a control. Cultures were incubated at 30 °C, 150 rpm for 7 days. Samples
were collected every 12-24 h for bacterial growth measurement by plate count method.

Quantification of the precipitated CaCO;. Precipitates formed in bacterial cultures and in abiotic flasks
were collected after 7 days of incubation. Precipitates were harvested by filtering through a pre-weighed filter
paper (Whatman no.1, Merck, Germany). Solid samples were washed twice with sterile water to remove unat-
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Materials Id | Space group | Formation energy (eV) | Band gap (eV) | Volume | Nsites | Density (g/cc)
mp-3953 R3c -2.707 5.002 127.17 10 2.614
mp-556235 P2,/c —-2.705 4.960 253.066 | 20 2.627
mp-561412 C2 =27 4.958 191.628 |15 2.602
mp-560265 P6522 -2.699 4.944 1174.591 | 90 2.547
mp-1194399 C2/c -2.699 4.910 389.315 | 30 2.561
mp-1197939 P1 -2.698 4.943 1170.318 |90 2.556
mp-553939 Pnma —2.694 4.700 258.226 | 20 2.574
mp-1079918 P1 -2.691 4.849 124.855 | 10 2.662
mp-4626 Pnma —-2.683 4.171 234.244 |20 2.838
mp-1197230 P1 —-2.683 4.940 591.983 | 50 2.807
mp-3205 Pmmn —2.537 4.257 110.731 |10 3.002
mp-548403 C222, -2.395 5.719 105.128 | 10 3.162
mp-641635 Pnma -1.338 1.185 306.458 | 20 2.169
mp-696740 C2/c —-0.689 1.435 118.88 10 2.796

Table 1. Details of each type of CaCO; crystal structure available in the Materials Project Database?*. Their
materials Id, space group as well as corresponding formation energy are presented in the first, second, and
third columns, respectively. The corresponding values of band gap and volume of unit cells are presented in the
fourth and fifth columns, respectively. The values of N sites reported in the sixth column represent the number
of atoms per unit cell. The density of each crystal structure is shown in the last column.

tached cells from the precipitates. The samples were then dried in a hot-air oven at 45 °C until completely dry.
Weights of precipitates were calculated as follows:

Wprecipitutes = Wrotal — Wpaper> (1)

where W ecipitates Wrora a0d W, are the weights of precipitates collected from inoculated flask, of filter paper
containing precipitates, and of empty filter paper, respectively. After quantification, precipitates were kept in a
desiccator for further analysis by SEM and XRD. For comparison, biogenic CaCOj after 7 days of incubation
were collected by centrifugation at 8000 rpm, 10 min, 4 °C. The precipitates were freeze-dried using a lyophilizer

(Labconco, USA) at — 80 °C. The resulting dehydrated bacterial CaCO; were subjected to SEM observation.

Scanning electron microscope (SEM) analysis. Morphology of precipitates were observed using a Leo
1450VP scanning electron microscope (SEM) (Zeiss, Germany) at an accelerating voltage of 15-30 kV. Samples
were sputter coating with gold prior to examination.

X-ray powder diffraction (XRD) analysis. Mineralogy of the precipitates were analyzed by using pow-
der X-ray diffractometer (Malvern Panalytical Empyrean, UK) with CuK radiation source at 30 kV/30 mA. Spec-
tra were scanned from 20°-60°. XRD diffractograms were analyzed using an algorithm developed through the
use of artificial neural networks.

Analyzing crystal structures using artificial neural networks (ANNs). To determine the possible
crystal structures of biogenic CaCO3, we considered all types of the CaCOj; crystal structure available in the
Materials Project Database*, as summarized in Table 1. Different crystal structures associated with different
space groups produce different characteristic signatures on the XRD profiles. CaCOj; in each space group also
requires different formation energy to form its crystal structure. The lower the formation energy is, the higher
chance the crystal forms in that space group.

We designed an algorithm that could sort the formation energy from the database and simulate the cor-
responding XRD spectra from the lattice, and atomic structure parameters that are implemented in VESTA
utilizes RIETAN-FP?>?, The simulated XRD spectra are fitted to our experimental XRD data and are weighted
by formation energy. The fitting was performed using an artificial neural network method by building math-
ematical function of normalized intensity and 26 in order to compare the mean absolute error (MAE) per
formation probability. For each biogenic CaCOj;, its predicted crystal structure was the one that provides the
lowest MAE per formation probability. The process for determining the crystal structures of biogenic CaCO;
was summarized in Fig. 1.

Calculating elastic parameters of biogenic CaCO;.  The elastic properties of our biogenic CaCO; were
derived from the Voigt-Reuss-Hill (VRH) approximation®, a useful scheme to convert elastic constants of the
single crystals into macroscopic elastic moduli for the corresponding bulk materials. We focused on key elastic
properties inferred by the bulk, Young’, and shear moduli, and the Poisson’s ratio. The bulk modulus (B) is a
measure of the incompressibility of material under pressure on all surfaces while the Young modulus (E) is a
parameter that measures the stiffness of a material. The shear modulus (G) is the modulus of rigidity explain-
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Figure 1. Process for matching simulated XRD patterns with experimental XRD patterns in order to determine
the crystal structures of CaCO;.

ing the deformation of the material due to shearing or torsion force. The Poisson’s ratio (v) is a measure of the
Poisson effect in which a shape of material tends to change in directions perpendicular to the direction of an
applied force.

The single-crystal elastic constants could be determined by using the stress-strain approach from first-princi-
ples calculations performed using the Vienna Ab initio Simulation Package (VASP)®. There are five independent
elastic constants for the hexagonal structures and seven independent elastic constants for the trigonal structures,
denoted by C,;, C,,, Cy3, Cyy, C;5, Cs3, and C,,. The C, is equivalent to Css. The constant Cgg is defined as Cgs=(C;-
C1,)/2. The stress-strain relation for the hexagonal and trigonal structures can be written in the matrix form?® as,

o] €11 €12 €G30 0 O €1
05 €12 €11 G130 0 O €9
03 | | 13 €G3 €33 0 0 O €3
0y o 0 0 0 Cha 0 0 €4
05 0 0 O 0 Cqa 0 €s
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) Ci2 €11 €13 —C1g cis O €
03 | _|c13 ¢13 ¢33 0 0 0 €3
a |l | 0 o0 0 4y 0 ¢ || €4
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For hexagonal and trigonal structures, Voigt-Reuss-Hill (VRH) approximation predicted the polycrystalline
bulk modulus (B) and shear modulus (G) using the calculated elastic constants of the single crystal following the
Voigt (By and Gy) and the Reuss (Bg and Gy) approximations?. The polycrystalline By, Gy, Bg and Gy approxi-
mations can be listed below.

By =1/9 [2(Ci1 + C12) + C33 + Cusl, (3)
Gy =1/30 [7C11 — 5C12 + 12Cyy + 2C33 — 4Cy3], (4)
Br = [(Ci1 + C12)Cs3 — 2C3] / [Ci1 + Ci2 + C33 — Cu3), (5)

Gr = {5[(C11 + C12)C33 — 2C131Cu4Ce6}/{6By CasCe6 + 2[(Cr1 + C12)C33 — 2C131(Cas + Ce6) 1. (6)

These approximations from Voigt?” and Reuss® are upper and lower bounds of elastic constants, respectively.
Therefore, Hill’s averages are used to predict bulk and shear moduli of the polycrystalline aggregates by
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Figure 2. Phylogenetic relationship among the 16S rRNA gene sequence (1420 bp) of isolate WH and the
sequences of its closest relatives, constructed using MEGAG6 software?. Sequence analysis was carried out using
a neighbour-joining method with 1000 bootstraps.

By =1/2(BR +By) and Gy = 1/2(Gr + Gy). (7)
The Young’s modulus and Poisson’s ratio are given by the following formulas:

E=9BG/(3B+G) and v = (3B—2G)/(2(3B + G)). 8)

Preparation of biocement and compressive strength test. Lysinibacillus sp. strain WH was grown
with different calcium sources to reach its exponential phase. An initial cell concentration of 1x 10" CFU/ml
was added to each cement cube. Cement was mixed with water at a water:cement ratio of 0.5. Cement paste was
casted into a 70x 70 x 70 mm mold and then was left to harden at room temperature for 24 h. Cement cubes
without bacterial inoculation were set up as a control. Each set of cement cube was carried out in triplicate.
After demolding, cement cubes were cured in water at ambient temperature for 28 days. Compressive strength
of cement cubes was tested according to the ASTM standard® at 0, 7, 14 and 28 days of curing using a CBN
Compression testing machine (CBN Testing Corporation, Thailand). Furthermore, biocement fractures were
powdered prior to SEM and XRD analysis. A field emission scanning electron microscope (FE-SEM, JEOL
JSM 6500F) was used to visualize the morphology of biocement powders. The Reference Intensity Ratio (RIR)
analysis® was performed using HighScore Plus Software.

Statistical analysis. A significant difference among the mean values was analyzed by using Analysis of
Variance (ANOVA) and F-test based on the Least Significant Difference test (LSD) at p-value <0.05. All statisti-
cal analysis was performed using the Statistix 8.0 program.

Results

Isolation and identification. A total of two isolates with different morphologies were obtained. Isolate
WH was selected based on its ability to provide a higher amount of biomass when grown in different calcium
compounds. Genus identification of isolate WH was carried out based on the 16S rRNA gene sequence. Phylo-
genetic relationship between the 16S rRNA gene sequence of isolate WH and that of its close relatives is shown
in Fig. 2. The result showed that isolate WH belongs to the genus Lysinibacillus spp., which is most closely related
to Lysinibacillus macroides strain VITSM] with 99% identity. Isolate WH cells were stained Gram-positive, rod-
shaped, spore-forming. It grows well at 30 °C under aerobic conditions. Isolate WH is, therefore, named as
Lysinibacillus sp. strain WH throughout this work.

Growth of Lysinibacillus sp. strain WH in B4 medium containing different calcium sources. To
investigate the influence of calcium sources on the growth of Lysinibacillus sp. strain WH, cultures were grown in
B4 medium containing calcium acetate, calcium chloride or calcium nitrate. According to Fig. 3, the pH increases
with increasing viable cell counts in all growth conditions. The highest growth of strain WH (~ 6.5 x 10" CFU/
ml) and the highest pH (~ 14) were found when using calcium acetate as a calcium source. The growth of strain
WH in calcium chloride and calcium nitrate media was not much different, which was ~ (1.5-2.0) x 10'° CFU/
ml. The pH was as high as 12 in these two conditions. These results suggested that strain WH was capable of
producing an alkaline environment, which was suitable for the CaCOj; precipitation.

Quantification of the precipitated CaCO;. The results (Fig. 4) showed that the amount of precipitates
in the non-inoculated controls was less than 0.02 g/1, while those in all bacterial cultures were higher than 0.1 g/1.
This means that CaCOj; precipitation was due to microbial activity, rather than chemical reactions. The CaCOj;
production was found to be 0.8, 0.2, and 0.6 g/l when strain WH was grown with calcium acetate, calcium chlo-
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Figure 3. Growth and pH of Lysinibacillus sp. strain WH cultures in B4 medium containing different calcium
sources—(a) calcium acetate, (b) calcium chloride and (c) calcium nitrate. Error bars represent standard
deviations of triplicate data.
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Figure 4. The amount of precipitates collected from Lysinibacillus sp. strain WH during growth using different
types of calcium sources—calcium acetate, calcium chloride and calcium nitrate. Filled bars represent the
precipitates obtained from the non-inoculated controls. Stripped bars represent the precipitates obtained from
strain WH cultures. Error bars indicate standard deviations of triplicate data.
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Figure 5. Scanning electron micrographs (x 5000 magnification) of calcium carbonate crystals precipitated by
Lysinibacillus sp. strain WH grown using different calcium sources—calcium acetate (d), calcium chloride (e),
and calcium nitrate (f), compared to precipitates in their corresponding controls showing in (a—c), respectively.
Each picture is a representative of the multiple similar pictures. Scale bars are shown at bottom right.

ride, and calcium nitrate, respectively. Therefore, calcium acetate is the best calcium source for the growth of
strain WH (Fig. 3) and its CaCO; precipitation (Fig. 4).

Scanning electron microscopy. Precipitates collected from 7-day cultures under different conditions
were visualized using SEM. Precipitates collected from abiotic controls (Fig. 5a—c) showed irregular morphology
while those obtained from strain WH cultures showed organized crystal morphologies. Rhombohedral crystals
were found in strain WH grown using calcium chloride (Fig. 5e) and calcium nitrate (Fig. 5f) as calcium sources.
Differently, spheroidal crystals were found when strain WH was grown with calcium acetate (Fig. 5d). Therefore,
calcium sources play an important role in shaping crystal morphologies. For comparison, the SEM results of
freeze-dried biogenic CaCO; were also provided in Supplementary Figure 1. Although a relatively small amount
of crystals is observed, the crystal phase form of CaCOj; from each different calcium source is not much different
compared to what obtained using the oven-dried method. We, however, selected to use the oven-dried biogenic
CaCO; for further analysis because its process is less time consuming and more cost effective in the real applica-
tion than the freeze-dried process.

Crystal structures of CaCOj; analyzed using artificial neural networks. An algorithm based on
artificial neural networks was developed to produce the simulated XRD spectra to fit the experimental data
in order to determine the crystal structure of CaCOj; precipitated by strain WH (see “Analyzing crystal struc-
tures using artificial neural networks (ANNs)” and “Calculating elastic parameters of biogenic CaCO;” for the
detailed calculations). We found two different spectral models that match with our experimental XRD spectra.
This suggested that the obtained CaCOj; has two different structures or phases depending on the calcium sources
in the bacterial growth medium. The results were shown in Fig. 6. CaCO; crystals precipitated by strain WH in
the presence of calcium chloride and calcium nitrate have a trigonal structure belonging to the space group R3c,
or calcite, while the CaCOj; precipitated by strain WH grown with calcium acetate have a hexagonal structure
belonging to the space group P6522, or vaterite. Note that the CaCO; characterized in the space group R3c is
commonly found and most stable in nature because it requires lowest formation energy of —2.707 eV to form
(Table 1). Contrarily, the metastable hexagonal phases of CaCOj; vaterite is less stable than either calcite or
aragonite (orthorhombic phase). Due to its higher solubility, vaterite can convert to calcite at low temperature
or aragonite at high temperature of ~ 60 °C*'. Furthermore, the CaCO; precipitated by strain WH in all growth
conditions is also of high purity due to the fact that we did not find other phases mixed in the sample when
compared with our structure model.

Elastic properties of the precipitated CaCO;.  The elastic properties of each crystal structure calculated
using Voigt-Reuss-Hill (VRH) approximation were presented in Tables 2 and 3. Note that the bulk modulus B
reflects the resistance of materials against volume change. The shear modulus G reflects the resistance of materi-
als against shape change. The Young’s modulus E measures the stiffness of materials. The crystal structures of
CaCO; obtained from strain WH grown with calcium nitrate and calcium chloride are similar, which are in
the trigonal space group R3c. We found their bulk modulus, Young’s modulus, and shear modulus are 77.812,
88.197, and 33.645 GPa, respectively. On the other hand, CaCO; precipitated by strain WH grown with calcium
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Figure 6. Comparison between the calculated and experimental XRD spectra. (a) The calculated XRD spectra
of CaCOj; structures in trigonal R3¢ space group or calcite. (b,c) The experimental XRD spectra of CaCOs
obtained from strain WH grown using calcium nitrate and calcium chloride, respectively. (d) The calculated
XRD spectra of CaCO; structures hexagonal P6;22 space group or vaterite. (e) The experimental XRD spectra of
CaCO; obtained from strain WH grown using calcium acetate.

Averaging scheme | Bulk modulus | Young’s modul Shear modul Poisson’s ratio
Voigt By=8132GPa | E,=96.807GPa | G,=37.188 GPa | v,=0.302
Reuss By=74.309 GPa | Ex=79.564 GPa Gg=30.103 GPa | vz=0.322

Hill By=77.814GPa | E;=88.221GPa | G;=33.645GPa | v,=0.311
Average 77.812 88.197 33.645 0.312

Table 2. Predicted elastic parameters of CaCOj; (space group R3c) obtained from strain WH grown with
calcium nitrate and calcium chloride using Voigt-Reuss—Hill (VRH) approximation. The bulk modulus,
Young’s modulus, shear modulus and Poissons ratio are listed in the second, third, fourth, and fifth columns,

respectively.

Averaging scheme | Bulk modulus | Young’s modul Shear modul Poisson’s ratio
Voigt By=70.051 GPa | Ey=70.041 GPa Gy=26.265GPa | vy=0.333
Reuss Br=64.113 GPa | E;=67.243 GPa Gr=25.371GPa | v=0.325

Hill By=67.082 GPa | E;;=68.647 GPa Gy =25.818 GPa | v3=0.329
Average 67.082[] 68.644 25.8180] 0.329

Table 3. Predicted elastic parameters of CaCOj; (space group P6;22) obtained from strain WH grown with
calcium acetate using Voigt-Reuss—Hill (VRH) approximation. The bulk modulus, Young’s modulus, shear
modulus and Poisson’s ratio are listed in the second, third, fourth, and fifth columns, respectively.

acetate is in the hexagonal P6;22 space group whose bulk modulus, Youngs modulus, and shear modulus are
found to be 67.082, 68.644, 25.818 GPa, respectively.

Moreover, the brittle and ductility nature of the hexagonal and trigonal were analyzed according to the Pois-
son’s ratio (v). The ductility and brittleness of materials are separated by the Poisson’s ratio with the critical value
of 0.26. If the Poisson’s ratio is less than 0.26, the materials are predicted to have brittle behavior; otherwise,
materials should behave in a ductile manner®?. From Tables 2 and 3, our results showed that the Poisson’s ratio
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Figure 7. Compressive strength of biocement containing strain WH grown with different calcium sources—
calcium acetate (a), calcium chloride (b) and calcium nitrate (¢). Controls were non-inoculated cements. Error
bars show standard deviations of data from triplicate experiments. Different labelling letters above the bars
indicate significant difference at p-value <0.05 when compared by using Least Significant Difference test (LSD).
The data with the same letter are not significantly different.

is around 0.3-0.33 for both cases which are greater than 0.26. These values indicated that our crystal showed
behavior as a ductile material.

Compressive strength of biocement. The compressive strength of cement cubes containing strain WH
grown with different calcium sources is presented in Fig. 7. According to statistical analysis, we found that after
14 days of curing time, the strength of biocement became significantly higher than that of the control in all
conditions. On day 28, the compressive strength of biocement was 36.62, 31.86, and 37.02 MPa in cases of using
calcium acetate, calcium chloride, and calcium nitrate as calcium sources, respectively. These values were signifi-
cantly higher than that of the control which was only 29.05 MPa. In other words, strain WH could strengthen
cement up to ~27.4% when using calcium nitrate as a calcium source. Likewise, a relatively high %increase in
strength was found when using calcium acetate as a calcium source which was up to ~26.1%. In contrast, cal-
cium chloride was not a suitable calcium source for strain WH to substantially strengthen cement (increased
strength up to ~9.7%). Therefore, in terms of actual application, the use of calcium acetate or calcium nitrate for
biocalcification by strain WH could better strengthen cementitious materials than the use of calcium chloride.
The XRD and SEM results of cement were also provided in the Supplementary Figures 2 and 3.

Discussion

Although strain WH could grow in the presence of all calcium sources tested in this work, the highest growth
and pH was found in the case of calcium acetate (Fig. 3). The pH also increases with increasing the bacterial
biomass, indicating that our strain could induce an alkaline environment supporting CaCO; precipitation. Note
that, in principle, Ca is not the main constituent for microbial growth but the calcium source is provided to be
the source of Ca ions. The bacteria can form carbonate ions by using C and O from such as dextrose which are
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also available in standard culture medium. The results suggested that calcium acetate was the best calcium source
to promote growth (up to ~ 7 x 10 cfu/ml) and CaCOj; production. This is because calcium acetate can serve as
both Ca and C source for bacterial growth, which then resulted in higher amounts of nucleation sites for CaCO,
formation. We found that CaCO; production, which were 0.8, 0.2, and 0.6 g/1, in cases of calcium acetate, calcium
chloride, and calcium nitrate, respectively, (Fig. 4) were comparable to those obtained from other related genera.
For example, B. licheniformis AK01%® and Bacillus spp.** produced ~ 0.9-1.0 g/l of CaCO; when grown in calcium
acetate and calcium chloride, respectively. Nevertheless, recent study®® showed that Sporosarcina pasteurii grown
in a urea-containing medium could produce CaCO; as high as ~ 6.7 g/1. Although the main focus of this work
is on the elastic properties of our biogenic CaCOj; and its application to biocement, investigating the optimum
condition to increase the amount of CaCOj is planned for the future.

The use of different bacterial strains to precipitate CaCO; for biocement application has been previously
reported. Achal et al.*® showed that Sporosarcina pasteurii can be used for application of cement mortar and
concrete. Some bacteria are also capable of remediation of cracks in concrete (e.g., Bacillus pasteurii*’, Bacillus
pseudofirmus'!, and Bacillus sphaericus'®). Among these bacteria, the most effective CaCO5 producer was Bacillus
sphaericus but it showed relatively high urease activity'>*. Meanwhile, our strain WH could produce CaCO; in
the absence of urea, suggesting that a non-desired byproduct via urea hydrolysis that may affect steel corrosion
in reinforced concrete can be avoided.

Since calcium source is one of the main factors altering bacterial cell surface properties, our strain could
induce the formation of not only calcite but also vaterite (a metastable form of calcite) depending on types of
calcium sources (Fig. 5). Previous studies, for example by Bentz et al.*, suggested that calcites could promote
the cement hydration process, while aragonite (another form of CaCO;) could not. This is because both Ca and
O atoms can be seen in the surface layer of calcite that match the CaO layer usually found in calcium silicate
hydrate (or C-S-H), the dominant binding phase in Portland cement hydrates. In the case of aragonite, only Ca
atoms are seen in its planar configuration. The results showed that strain WH grown with calcium chloride and
calcium nitrate could produce calcite, suggesting its potential to be used for accelerating the hydration process
that produces C-S-H which is the main source of cement strength. On the other hand, CaCOj; obtained from
calcium acetate cultures, which is in the vaterite phase, might be less compatible with cement when compared
to calcite from the other two sources. Due to being less stable, vaterite can possibly change to calcite structure
or monohydrocalcite (CaCO;°H,0)* during the cement preparation process. Nevertheless, monohydrocalcite,
whose mechanical properties are weaker than calcite and vaterite, would be rarely observed because it is least
stable among other forms*'. Therefore, CaCO; from calcium acetate cultures would be more suitable for bioce-
mentation, if it can be kept stable in the vaterite phase or completely transformed to calcite phase*?.

Now we first compared the elastic parameters of our biogenic CaCO; to those of the limestone cement. Lime-
stone cement typically has a density of 2700-2800 kg/m?>, the bulk modulus of elasticity of 69.8 GPa, the Young’s
modulus of 79.6 GPa, the shear modulus of 30.4 GPa and Poisson’s ratio of 0.31*>*%. According to Tables 2 and
3, the elastic moduli of CaCOj; obtained from strain WH when using calcium nitrate and calcium chloride as a
calcium source is comparable to those of the limestone cement. This indicated that our CaCO; sample in calcite
phase can be used as a mixture of cement in the same quality of common limestone. While CaCOj; in hexagonal
vaterite phase obtained from strain WH using calcium acetate as a calcium source has elastic moduli lower than
that of calcite phase around 15-20%, the Poisson’s ratio is higher than the other phase around 5%. Therefore,
biogenic CaCO; in the vaterite phase shows more ductile behavior when compared to the calcite phase. Although
two different structures of CaCO; were obtained, their mechanical properties are still in the range of applicability
when compared to the quality of the commercial CaCOj; from Korth Kristalle GmbH (Kiel, Germany)*.

In addition, we also compared the elastic parameters of biogenic CaCO; to those of the Portland cement,
which is the most common type of cement used as a mixture of concrete, mortar and stucco. Portland cement
has a density of ~3150 kg/m?, which is higher than that of limestone cement. The elastic properties which are
commonly found in Portland cement are: the bulk modulus of elasticity of 40.0 GPa, the Young’s modulus of
42.3 GPa, the shear modulus of 16.0 GPa and the Poisson’s ratio of 0.324%¢*7. These values are in agreement with
those of the main important phases (alite, belite and portlandite) presented in Portland cement pastes which
obtained using force field atomistic methods*, and are 40-50% lower than those of predicted properties of our
CaCO; in the calcite phase. In other words, our biogenic CaCO; are more durable than typical Portland cement
around 40-50%. Furthermore, the predicted Poisson’s ratio is still in the range of ductility material behavior,
suggesting its potential to strengthen Portland cement while maintaining its ability to deform under applied
loading. In the case of CaCOj; from strain WH grown with calcium acetate, the mechanical properties were in
good agreement with those of vaterites previously reported®. Although these values are lower than those in the
calcite phase, they are still significantly higher than those of Portland cement.

In terms of thermal expansion, the coefficient of thermal expansion (CTE) of the cement paste is 20 ps/°C*
that could increase as self-desiccation proceeds. The CTE of CaCOj crystal is usually around 24 ps/°C* which
is comparable to that of the cement paste. Incorporation of nano-calcium carbonate in cementitious materials
could also improve the compressive stress, strain, and toughness under ambient environment or even after high
temperature exposure'**!. Note that the SEM micrographs and XRD spectra of uninoculated cement and bioce-
ment are shown in Supplementary Figures 2 and 3, respectively. Although the growth environments in medium
and cement are different, similar trends of which there are different crystal morphologies between biocement
and uninoculated cement could still be observed. There are more needle stick ettringite crystals (AFt) scat-
tered in biocement than in uninoculated cement. The AFt can fill in the gap of biocement and help increase the
compactness of the cement™. Note that the peaks of biogenic CaCO; crystals could not be seen clearly from the
XRD spectra of cement because less than 5% by weight is added in the biocement samples which is the standard
amount usually used in previous literature®»**. This, however, could be beneficial in terms of saving the cost of
biocement production and minimizing the effects of bacteria themselves on the biocement.
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Note that ordinary Portland cement can be composed of different phases. The four main crystalline phases are
C3S, C28, C3A and C4AF. Among these, C3S is the major phase that could have a very high Young modulus of
~100 GPa which commonly plays the main role in cement strength. In principle, CaCOj; in cement is produced
naturally through the carbonatation process which requires Ca(OH), as a reactant. The Reference Intensity Ratio
(RIR) analysis® from XRD results of cements showed that amounts of C3S is quite similar in all uninoculated
cement and biocement samples with the weight fraction of ~ 16-19% (see Supplementary Table 1). However, in
cases of biocement, we found relatively small amounts of Ca(OH), compared to the cases of uninoculated cement.
Contrarily, the amounts of CaCO; are relatively high in biocement samples. Furthermore, the SEM results of
cement showed different crystal morphologies in biocement and uninoculated cement. Therefore, an increase in
CaCO; in biocement samples could be induced by our bacterium. These CaCOj; could also serve as the nucleation
matrix that could promote the carbonation and hydration process®**2. Additional CaCO; produced by strain
WH then should help enhance the mechanical property of cement-based composites.

Finally, the compressive strength of inoculated and non-inoculated cement cubes was investigated to prove
the potential application of strain WH as a mixture in Portland cement. Although the largest amount of biogenic
CaCO; was found when using calcium acetate, the highest compressive strength of 37.02 MPa (with an increase
of 27.4% compared to the non-inoculated cement) was observed in biocement using calcium nitrate. This should
be because CaCO; were in the form of calcite, which is more durable than typical Portland cement. However,
strain WH grown with calcium chloride could increase the compressive strength of cement up to only 9.7%,
despite the predicted elastic parameters being similar to those of calcium nitrate case. This is probably because
strain WH could produce a significantly lower amount of CaCO; when grown with calcium chloride (see Fig. 4).
Such low quantity is not sufficient to improve mechanical properties of cement, otherwise the production of
CaCO; in this case needs to be upscaled, which would result in a higher cost of biocement production. Also
in the real application, using calcium chloride can cause electrochemical corrosion of the steel reinforcement
due to chloride penetration®. Therefore, calcium nitrate is the most appropriate calcium source for biocement
production using strain WH.

Recently, an increase in cement strength of 17% was reported when using Lysinibacillus sphaericus grown
with calcium acetate®*. We remark that when using calcium acetate, strain WH could promote the compressive
strength of Portland cement as high as 26.1%. In this case, the precipitated CaCOs; is in the form of vaterite, but
its ability to strengthen cement is comparable to the case of calcite produced using calcium nitrate. This sug-
gested that vaterite possibly changed to calcite structure during the cement preparation process carried out at low
temperature, as also pointed out by e.g., Zhou et al.*!. Further investigation of how our biogenic CaCO; affects
other physical properties of cement (e.g., water absorption by submersion and radiation protection) is planned
for the future. To the best of our knowledge, there is no long-term study on the impact of bacteria themselves
to the biocement. Keeping in mind relatively small amounts of bacterial biomass normally used in biocement
experiments, the effects of bacteria themselves on the cement should be small at the beginning of experiments,
but, however, is worth investigating in the future.

Conclusion

A calcifying bacterium Lysinibacillus sp. strain WH was isolated from saline soil. Effects of different calcium
sources including calcium acetate, calcium chloride and calcium nitrate, on the growth and CaCOj; precipitation
were investigated. Although calcium acetate was the best calcium source to promote growth and CaCO; produc-
tion, calcium nitrate could also facilitate the production of a relatively high amount of CaCO;. In contrast, in the
case of calcium chloride, poor growth and low level of CaCO; production were obtained. The ANNs method was
employed to analyze the crystal structures of CaCO; from the experimental XRD spectra. The results showed
that CaCOj crystal from calcium acetate cultures was in a hexagonal phase of vaterite, while the cases of calcium
chloride and calcium nitrate were calcite. Our analysis based on the VRH approximation suggested that the
mechanical properties of biogenic CaCO; are relatively similar to those of the limestone cement. Interestingly,
they are significantly more durable than typical Portland cement around 40-50%. According to the biocement
experiment, the highest increase in compressive strength (27.4%) was found in biocement containing strain WH
grown using calcium nitrate as a calcium source. This improvement was comparable to other previous studies
and even higher in some cases. Moreover, the compressive strength of Portland cement could also increase up
to 26.1% when using calcium acetate as a calcium source. This might be because vaterite previously obtained
changed to calcite structure during the cement preparation process. Both calcium nitrate and calcium acetate
could be the calcium sources for strain WH to effectively strengthen Portland cement. Moreover, the ability of
strain WH to produce CaCOj; via non-ureolytic processes favors their use as an alternative biomaterial for engi-
neering since non-desired by-products occurred during urea hydrolysis can be avoided. Due to its advantageous
characteristics, our newly-isolated Lysinibacillus sp. strain WH could produce CaCO; for applying in Portland
cement based materials.

Received: 3 May 2020; Accepted: 14 September 2020
Published online: 30 September 2020

References
1. Castro-Alonso, M. J. et al. Microbially induced calcium carbonate precipitation (MICP) and its potential in bioconcrete: micro-
biological and molecular concepts. Front. Mater. 6, 126 (2019).
2. Achal, V. & Mukherjee, A. A review of microbial precipitation for sustainable construction. Constr. Build Mater. 93, 1224-1235
(2015).

SCIENTIFIC REPORTS |

(2020) 10:16137 | https://doi.org/10.1038/s41598-020-73217-7



www.nature.com/scientificreports/

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.

20.
. Boquet, E., Boronat, A. & Ramos-Cormenzana, A. Production of calcite (calcium carbonate) crystals by soil bacteria is a general

22.
23.
24.
25.
26.
27.
28.
29.

30.
31.

32.
33.
34.

35.

36.
37.
38.
. Bentz, D. P. et al. Multi-scale investigation of the performance of limestone in concrete. Constr. Build. Mater. 75, 1-10 (2015).
40.
41.
42.
43,

44,

45.

. Zhang, Y., Guo, H. X. & Cheng, X. H. Influences of calcium sources on microbially induced carbonate precipitation in porous

media. Mater. Res. Innov. 18(sup2), S2-79-S-284 (2014).

. Joshi, S., Goyal, S., Mukherjee, A. & Reddy, M. S. Microbial healing of cracks in concrete: a review. J. Ind. Microbiol. Biotechnol.

44(11), 1511-1525 (2017).

. De Muynck, W,, De Belie, N. & Verstraete, W. Microbial carbonate precipitation in construction materials: a review. Ecol. Eng. 36,

118-136 (2010).

. Wu, M,, Johannesson, B. & Geiker, M. A review: self-healing in cementitious materials and engineered cementitious composite

as a self-healing material. Constr. Build. Mater. 28, 571-583 (2012).

. Zhong, W. & Yao, W. Influence of damage degree on self-healing of concrete. Constr. Build Mater. 22, 1137-1142 (2008).
. Zhu, T. & Dittrich, M. Carbonate precipitation through microbial activities in natural environment, and their potential in bio-

technology: a review. Front. Bioeng. Biotechnol. 4, 4 (2016).

. Seifan, M., Samani, K. A. & Berenjian, A. New insight into the role of pH and aeration in the bacterial production of calcium

carbonate (CaCO;). Appl. Microbiol. Biotechnol. 101, 3131-3142 (2017).

Achal, V., Pan, X. & Ozyurt, N. Improved strength and durability of fly ash-amended concrete by microbial calcite precipitation.
Ecol. Eng. 37, 554-559 (2011).

Jonkers, H. M., Thijssena, A., Muyzer, G., Copuroglua, O. & Schlangena, E. Application of bacteria as self-healing agent for the
development of sustainable concrete. Ecol. Eng. 36, 230-235 (2010).

Chahal, N. & Siddique, R. Permeation properties of concrete made with fly ash and silica fume: influence of ureolytic bacteria.
Constr. Build. Mater. 49, 161-174 (2013).

Castanier, S., Le Métayer-Levrel, G. & Perthuisot, J. P. Ca-carbonates precipitation and limestone genesis—the microbiogeolist
point of view. Sediment. Geol. 126, 9-23 (1999).

Kile, D. E., Eberl, D. D., Hoch, A. R. & Reddy, M. M. An assessment of calcite crystal growth mechanisms based on crystal size
distributions. Geochim. Cosmochim. Acta 64, 2937-2950 (2000).

De Muynck, W., Cox, K., De Belie, N. & Verstraete, W. Bacterial carbonate precipitation as an alternative surface treatment for
concrete. Constr. Build. Mater. 22, 875-885 (2008).

Achal, V. & Pan, X. Characterization of urease and carbonic anhydrase producing bacteria and their role in calcite precipitation.
Curr. Microbiol. 62, 894-902 (2011).

Sarayu, K., Iyer, N. R. & Murthy, A. R. Exploration on the biotechnological aspect of the ureolytic bacteria for the production of
the cementitious materials—a review. Appl. Biochem. Biotechnol. 172, 2308-2323 (2014).

Van Tittleboom, K., De Belie, N., De Muynck, W. & Verstraete, W. Use of bacteria to repair cracks in concrete. Cem. Concr. Res.
40, 157-166 (2010).

Cao, M., Ming, X., He, K., Li, L. & Shen, S. Effect of macro-, micro- and nano-calcium carbonate on properties of cementitious
composites—a review. Materials 12(5), 781 (2019).

Hill, R. The elastic behaviour of a crystalline aggregate. Proc. Phys. Soc. A 65(5), 349-354 (1952).

phenomenon. Nature 246(5434), 527-529 (1973).

Lane, D. J. 165/23S rRNA sequencing. In Nucleic acid techniques in bacterial systematics (eds Stackebrandt, E. & Goodfellow, M.)
115-147 (Wiley, New York, 1991).

Tamura, K., Stecher, G., Peterson, D., Filipski, A. & Kumar, S. MEGAG6: molecular evolutionary genetics analysis version 6.0. Mol.
Biol. Evol. 30,2725-2729 (2013).

Ong, S. et al. Python materials genomics (Pymatgen): a robust, open-source python library for materials analysis. Comput. Mater.
Sci. 68,314-319 (2013).

Kresse, G. & Joubert, D. From ultrasoft pseudopotentials to the projector augmented-wave method. Phys. Rev. B. 59(3), 1758-1775
(1999).

Mouhat, F. & Coudert, F. X. Necessary and sufficient elastic stability conditions in various crystal systems. Phys. Rev. B 90(22),
224104 (2014).

Cantwell, P. R. et al. Estimating the in-plane Young’s modulus of polycrystalline films in MEMS. J. Microelectromech. Syst. 21(4),
840-849 (2012).

Reuss, A. Berechnung der fliefigrenze von mischkristallen auf grund der plastizititsbedingung fiir einkristalle. Z. Angew. Math.
Mech. 9(1), 49-58 (1929).

ASTM C109/C109M. Standard Test Method for Compressive Strength of Hydraulic Cement Mortars Annual Book of Standards
(ASTM, West Conshohocken, 2007).

Hubbard, C. R. & Snyder, R. L. RIR-Measurement and use in quantitative XRD. Powder Diffr. 3(2), 74-77 (1988).

Zhou, G. T, Yao, Q. Z., Fu, S. Q. & Guan, Y. B. Controlled crystallization of unstable vaterite with distinct morphologies and their
polymorphic transition to stable calcite. Eur. J. Mineral. 22(2), 259-269 (2010).

Frantsevich, N., Voronov, E. E. & Bakuta, S. A. Elastic constants and moduli of elasticity of metals and nonmetals (Naukova Dumka,
Kiev, 1982).

Vahabi, A. et al. Calcium carbonate precipitation by strain Bacillus licheniformis AKO01, newly isolated from loamy soil: a promising
alternative for sealing cement-based materials. J. Basic Microbiol. 55(1), 105-111 (2015).

Wei, S. et al. Biomineralization processes of calcite induced by bacteria isolated from marine sediments. Braz. J. Microbiol. 46,
455-464 (2015).

Omoregie, A. I, Ngu, L. H., Ong, D. E. L. & Nissom, P. M. Low cost cultivation of Sporosarcina pasteurii strain in food grade yeast
extract medium for microbially induced carbonate precipitation (MICP) application. Biocatal. Agric. Biotechnol. 17, 247-255
(2019).

Achal, V., Mukherjee, A. & Reddy, M. Effect of calcifying bacteria on permeation properties of concrete structures. J. Ind. Microbiol.
Biotechnol. 38, 1129-1234 (2011).

Ramachandran, S., Ramakrishnan, V. & Bang, S. Remediation of concrete using micro-organisms. ACI Mater. J. 98, 3-9 (2001).
De Belie, N., & De Muynck, W. Crack repair in concrete using biodeposition.InProc. of ICCRR, Cape Town (2008).

Tas, A. C. Use of vaterite and calcite in forming calcium phosphate cement scaffolds. Dev. Porous Biol. Geopolym. Ceram. 520, 135
(2007).

Sekkal, W. & Zaoui, A. Nanoscale analysis of the morphology and surface stability of calcium carbonate polymorphs. Sci. Rep. 3,
1587 (2013).

Seveik, R., Sasek, P. & Viani, A. Physical and nanomechanical properties of the synthetic anhydrous crystalline CaCO, polymorphs:
vaterite, aragonite and calcite. . Mater. Sci. 53(6), 4022-4033 (2018).

Helsel, M. A., Ferraris, C. E. & Bentz, D. Comparative study of methods to measure the density of cementitious powders. J. Test.
Eval. 44(6), 20150148 (2016).

Landolt-Bornstein, M.M. et al. Numerical data and functional relationships in science and technology new series. Group III:
Crystal and solid state physics, elastic, piezoelectric, pyroelectric, piezooptic, electrooptic constants, and nonlinear dielectric
susceptibilities of crystals. (Revised and Extended Edition of Volumes III/1 and III/2) (Springer, Berlin, 1984).

Korth Kristalle GmbH. https://www.korth.de/index.php/162/items/11.html (1999).

SCIENTIFIC REPORTS |

(2020) 10:16137 | https://doi.org/10.1038/s41598-020-73217-7


http://www.korth.de/index.php/162/items/11.html

www.nature.com/scientificreports/

46. Maso, J. C. Mechanical Modeling of the Transition Zone in Interfacial Transition Zone in Concrete, Chapter 4 (E & EN. Spon, London,
1995).

47. Boumiz, A., Vernet, C. & Tenoudji, E. C. Mechanical properties of cement pastes and mortars at early ages. Adv. Cem. Based Mater.
3(3-4), 94-106 (1996).

48. Manzano, H., Dolado, J. & Ayuela, A. Elastic properties of the main species present in Portland cement pastes. Acta Mater. 57(5),
1666-1674 (2009).

49. Seveik, R., & Hrbek, V. Role of compactness on hardness and reduced modulus of vaterite determined with nanoindentation. In
International Conference on Theoretical, Applied and Experimental Mechanics 3-8 (2019).

50. Sellevold, E. J. & Bjontegaard, @. Coeficient of thermal expansion of cement paste and concrete: mechanisms of moisture interac-
tion. Mater. Struct. 39(9), 809-815 (2006).

51. Wu, Z,, Shi, C., Khayat, K. H. & Wan, S. Effects of different nanomaterials on hardening and performance of ultra-high strength
concrete (UHSC). Cem. Concr. Compos. 70, 24-34 (2016).

52 Qi, L, Liy, J. & Liu, Q. Compound eftect of CaCO; and CaSO,:2H,0 on the strength of steel slag-cement binding materials. Mater.
Res. 19(2), 269-275 (2016).

53. Zhang, J. et al. Optimization of a binary concrete crack self-healing system containing bacteria and oxygen. Materials 10(116),
1-11 (2017).

54. Mutitu, D. K. et al. Influence of Lysinibacillus sphaericus on compressive strength and water sorptivity in microbial cement mortar.
Heliyon 5, 02881 (2019).

Acknowledgements

This work is funded by the National Science and Technology Development Agency (NSTDA), Thailand. We
would like to thank the Sustainable Infrastructure Research and Development Center (SIRDC) at the Depart-
ment of Civil Engineering, Faculty of Engineering, Khon Kaen University for engineering equipment support.
The calculations used the High Performance Computing resources in the Institute of Science and the Center for
Scientific and Technological Equipment, Suranaree University of Technology.

Author contributions

J.E. conceived the original idea and designed the study with support from P.C. LF. developed ANNs and per-
formed simulations and calculations. R.K. and W.B. performed experiments under J.E. supervision. J.E., P.C. and
L.E wrote the manuscript. All authors contributed to the discussion and interpretation.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-73217-7.

Correspondence and requests for materials should be addressed to J.E.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:16137 | https://doi.org/10.1038/s41598-020-73217-7


https://doi.org/10.1038/s41598-020-73217-7
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Investigating mechanical properties and biocement application of CaCO3 precipitated by a newly-isolated Lysinibacillus sp. WH using artificial neural networks
	Methods
	Bacterial isolation and identification. 
	Growth of a bacterial isolate using different calcium sources. 
	Quantification of the precipitated CaCO3. 
	Scanning electron microscope (SEM) analysis. 
	X-ray powder diffraction (XRD) analysis. 
	Analyzing crystal structures using artificial neural networks (ANNs). 
	Calculating elastic parameters of biogenic CaCO3. 
	Preparation of biocement and compressive strength test. 
	Statistical analysis. 

	Results
	Isolation and identification. 
	Growth of Lysinibacillus sp. strain WH in B4 medium containing different calcium sources. 
	Quantification of the precipitated CaCO3. 
	Scanning electron microscopy. 
	Crystal structures of CaCO3 analyzed using artificial neural networks. 
	Elastic properties of the precipitated CaCO3. 
	Compressive strength of biocement. 

	Discussion
	Conclusion
	References
	Acknowledgements


