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Abstract 
Biodesign is an interdisciplinary field in which biological processes are combined with 
many different fields to produce environmentally friendly and economically feasible 
products. Within the scope of this study, first CaCO3 production potential of Sporosarcina 
pasteurii has been observed and optimized, and then the capability of hardening of the 
sand is examined. The optimum CaCl2 concentration for maximized CaCO3 formation was 
found as 50 mM. The ecological urban element was designed and its mold was produced 
by 3D printer at lab scale. The Sporosarcina pasteurii was mixed with sand and filled into 
the mold. The sand was mixed with 50 mM CaCl2 solution every day until hardening is 
observed. At the end of one week, a sitting element from hardened sand was produced. 
The CaCO3 formation was observed with XPS analysis. Thus, an interdisciplinary approach 
was used to produce ecological biodesign products. 
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1. INTRODUCTION 

With the progress of technology, great changes and developments especially in the social sense are emerging. 

The adverse effects of increasing technology and production capacities on nature and human health are also 

increasing at the same rate. The elimination of the negative environmental conditions or the reduction of the 

minimum environmental burden has been the focus of many researchers, along with developing bioengineering 

approaches. Increasing production capacities, which are the biggest reason of globalization, result in increasing 

harm to the human health of the emerging products [1]. 

On the other hand, the products related to the building sector causes the most damage to the environment in 

human activities. In this point of view, environmentally friendly, sustainable design products that are compatible 

with nature are now a developing field of study. A number of structures under the heading of sustainable 

architectural design are criticized by different approaches such as high material or resource consumption during 

the production process or afterwards, negative associations with the natural environment, and inability to 

integrate with the socio-cultural structure. Today, all kinds of urban furniture, architectural / structural / 

industrial materials / products (children playgrounds, seating elements, kiosks, exhibition stands, etc.) can be 

produced and used by processing natural materials (wood, stone, etc.) [2]–[4]. 

Biodesign is a study field, in which organisms are used as a design input, to create sustainable, functional, 

durable and non-health threatening products related to taking inspiration from natural processes [5]. It also
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investigates natural building designs and structures for human welfare. Cooperative studies between engineers 

and designers are needed with respect to build progressive, bio-based, natural forms using microorganisms as a 

factory to produce a structure that is both functional and has aesthetics. One way to produce products can be by 

utilization of mineralization and biocalcification processes inherent in nature. 

Formation of minerals in nature is known as a very slow process that can take as long as a geological time. Many 

of the mineral types are evoluted by microbial activity which is very dependent on microorganism strain. 

Ureases are the main enzymes used in mineralization processes. Ureases are homologous and Ni-dependent 

enzymes which can be found in many living organisms such as plants, bacteria etc. Ureases hydrolyze urea into 

ammonia and CO2. Sporosarcina pasteurii is a wide spread soil bacterium. It has very large capacity of urease 

production [6]. 

One of the main activities of the role of microorganisms in nature is the microbial cementation, in other words 

biocalcification. Biocalcification can be performed by different strains of bacteria, Sporosarcina pasteurii, 

Sporosarcina urea, Sporolactabacillus etc[7].  

Traditionally, gram-positive, aerobic or facultative anaerobic, sporulating, rod-shaped bacteria belong to the 

Bacillus family. This causes many heterogeneities in terms of the characteristics that must be defined within the 

Bacillus family. In 1889, the microorganism identified by Miquel Chester as Bacillus pasteurii was defined in 

2001 by Yoon et al.[8], and its name was changed to Sporosarcina pasteurii. The cell size of Sporosarcina 

pasteurii varies between 1.3-4 ɳm and the spores size is between 0.8-1.3 ɳm. They live at a maximum 

temperature of 30-45 ° C and a minimum temperature of 5-15 ° C. They can be isolated from soil, water and 

mud layers and they are non-pathogenic microorganisms with a biosafety level of 1. Sporosarcina pasteurii is 

not conventional because its living conditions can withstand high pH conditions as well as environments 

containing ammonium salts at high concentrations. In most studies, urea has been used instead of the ammonium 

salt because these organisms have the ability to break down the urine [9]. 

The metabolic pathway of Sporosarcina pasteurii is as follows. 

1 mol urea is converted to 2 mol ammonia and 1 mol CO2. 

CO(NH2)2+H2O→NH2COOH+NH3 

NH2COOH+H2O→NH3+CO2+H2O 

The pH of the soil medium is increased and the enzymatic reaction occurs by the addition of  CaCl2 and CaCO3 

precipitates. By the CaCO3 metabolism, the negative effect of atmospheric release and global warming would be 

prevented [10]. 

CO2+H2O↔H2CO3↔HCO3
-+H+↔CO3

+2+2H+ 

CO3
-2+Ca+2→CaCO3 

The microbial cementing ability demonstrated by this microorganism is widely used as an innovative and 

promising biotechnological application such as rehabilitation and reinforcement of cement materials [11]. In 

recent years, the selective cementation activity with the precipitation of CaCO3 by microbiologically induced 

calcium carbonate biocalcification, was used for  filling of cracks with calcite layers[12], blending of self healing 

mechanism with bacterial immobilization techniques [13], [14]. Another new application area is the use of 

Sporosarcina pasteurii to reduce the hydraulic conductivity in environmental processes. Magnus Larsson 

proposed this solution as a solution to desertification, including soil remediation, solid phase sequestration of 

contaminants, and carbon sequestration technologies[15]. 

In summary biocalcification is a process that is used in healing cracks in reinforced concrete buildings, soil 

stabilization and environmental processes. Recent studies were also showed that it can be used for hardening 

sand[16]. 

This study aimed to develop an architectural design product that is in harmony with the nature and suitable to 

human health with partnership of bioengineering and architecture disciplines via bacterial calcification to form 

an architectural structure with the support of 3D printing technology of poly-lactic acid (PLA). For this purpose, 

Sporosarcina pasteurii (Bacillus pasteurii) was chosen to use the urea mechanism to precipitate CaCO3 thus 

hardening sand by utilizing urea.  Even though there are limited studies that make use of bacterial calcification to 

harden sand, this is the first study to show a successful design element built with the help of a 3D printed mold.  

2. MATERIALS AND METHODS 

 

Sporosarcina pasteurii was obtained from the DSMZ culture collection and grown in Caso Agar DSM 33 

medium. Growth medium content of bacterium; For 1L; 15 g peptone from meat, 5 g peptone form soymeal, 5 g 

NaCl, 20 g urea. For CaCO3 production in broth medium 10, 30 and 50 mM CaCl2 was added to the medium. 

For biocalcification DSM 33 medium with urea and 50 mM CaCl2 was used. 



 

European Journal of Engineering and Natural Sciences 
 

19 EJENS, Volume 3, Issue 1 (2019) 
 

2.1. Inoculum Preperation 

Sporosarcina pasteurii was obtained from the DSMZ culture collection and grown in Caso Agar DSM 33 

medium. Growth medium content of bacterium; For 1L; 15 g peptone from meat, 5 g peptone form soymeal, 5 g 

NaCl, 20 g urea. For CaCO3 production in broth medium 10, 30 and 50 mM CaCl2 was added to the medium. 

For biocalcification DSM 33 medium with urea and 50 mM CaCl2 was used. 

2.2. Bacterial Staining and Growth Curve 

The Schaeffer-Fulton method was used for bacterial staining. The growth broth and the broth with CaCl2 was 

prepared on microscope and air dried and heat fixed. The malachite green was added for endospore staining. 

Then the slide was rinsed with water to remove malachite green. Then the broth on slide was stained by safranin 

this secondary stain was again washed with water and air dried. The bacteria were observed under 1000X (oil 

immersion) with total magnification. The vegetative cells were observed by pink/red color.  

Using the broth medium the growth performance of Sporosarcina pasteurii was measured at 600 and 660 nm of 

optical density during 24 h. 

2.3. CaCl2 Concentration Optimization in Broth Media 

CaCO3 concentration was reacted with an optimum concentration of CaCl2. 10, 30 and 50 mM CaCl2 was added 

to broth medium to start CaCO3 formation. CaCO3 was separated from broth medium by filter paper (Advantec 

5, USA).  

2.4. Bacterial Solidification 

In bacterial solidification experiments, preliminary experiments were performed on petri dishes. First bacteria 

were grown on petri dishes agar medium. One petri without inoculums was used as control. The two petri dishes 

(with and without inoculums) were added with equal amounts of sea sand so that the height would be 2-3 cm. 10 

mL of 50 mM CaCl2-containing growth medium was added to the sand. Inoculum was added to one of the petri 

dishes. The petri dishes were left open in the incubator at 30°C. The feed medium was depleted for one week as 

the petri dishes appeared to solidify. 

2.5. Design of urban, architectural and industrial elements  

If the bacterial calcification process is directed, it is thought that it is possible to produce architectural, urban and 

industrial design products. Today, many industrial products contain harmful and toxic substances for health. 

Particularly the construction sector is one of the most harmful activities for environment within human activities. 

The designs, produced by this method, will be organic and ecological because they are shaped like processes in 

nature. It will not contain harmful and toxic substances found in the urban environment, architectural structures 

or in many other things we use in everyday life. 

Basically, here is to direct the bacteria through engineering methods, without leaving it to natural growth 

process, for generating creative design products. By using this method, a vase or a plate, or a seating element or 

a playground for the city can be produced. These biodesign products will be a healthy and ecological alternative 

with a completely natural, non-toxic character. The goal is to make this even more advanced, so that it can be 

used on larger scale, in architectural structures or production of buildings. Very different from the construction 

methods of today, buildings can be produced from soil or from sand, by bacteria - in the direction of architects 

and engineers' designs. Although there are a variety of researchers study on this method, there is no detailed 

research on the directing of bacteria, nor is there an architectural structure produced by this method. 

2.6. CaCO3 Analysis  

The presence of CaCO3 was revealed by XPS analysis. The measurements were performed with a Thermo 

Scientific Model K-Alpha XPS instrument using monochromatic Al Kα radiation (1486.7 eV). Survey spectra 

and high-resolution spectra were acquired using analyzer pass energies of 50 eV. The X-ray spot size was 300 

µm for single point analysis. Data were analyzed using Avantage XPS software package. Peak fitting was 

performed using Gaussian/Lorentzian peak shapes and a Shirley/Smart type background. 
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3. RESULTS AND DISCUSSION 

3.1. Bacterial Staining Results and Growth Curve of Bacteria 

Determination of life cycle of microorganisms is very important for optimal process performance. The growth 

curve of Sporosarcina pasteurii was sketched by measuring the optical density of 600 and 660 nm by taking 

samples every 2 h during 24 h and the graph was sketched time vs OD (Optical Density). The results showed that 

the most active times of Sporosarcina pasteurii is between 6-8 h (Figure 1). According to this result the 

inoculation of all processes was done at 6 h.  

 

 

Figure 1. Growth curve of Sporosarcina pasteurii 

 

The bacterial staining was performed according to Schaffer Fulton method. In this method red-purple colors 

showed the vegetative Sporosarcina pasteurii, which means these are active microorganisms (Figure 2 a). In this 

method the stains were not washed with alcohol or any other chemicals so we can observe the cluggings of 

CaCO3 formation in the broth medium containing 50 mM CaCl2 (Figure 2 b). The CaCO3 formation was not 

enough with the broth medium containing 10 mM CaCl2(Figure 2c) and 30 mM CaCl2 (Figure 2 d) .  

 

 

 

Figure 2. Staining microphotographs of the bacteria(X100; 1024dpi, olympus E 400) 
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3.2.CaCl2 Concentration Optimization in Broth Media 

CaCO3 precipitates were produced by hydrolysis of urea which results in production of ammonia and carbonate. 

Carbonate binds calcium ions in medium and after this reaction CaCO3 crystals can be formed. CaCO3 (calcium 

carbonate) concentration is related with an optimum concentration of CaCl2;10 mM, 30 mM and 50 mM CaCl2 

was added to broth medium to start CaCO3 formation. Starting from the second hour (Figure 3a) of the process a 

white powder started to appear which is a mixture of CaCl2 and CaCO3 crystals. The concentration of the CaCO3 

increased by incubation at 30 oC during 7 days and the photos taken on day 1, day 2 and day 7, respectively. 

(Figure 3b, c and d)). CaCO3 was separated from broth medium by filter paper and weighted. The weight of the 

CaCO3 produced from 10 mM, 30 mM and 50 mM are 1.02 g, 1.34 g and 1.62 g respectively. In another study 

conducted by Dhami et al.[17]. The amount of precipitated CaCO3 from different strains of B. megabacterium 

MTCC 1684 was between 0.84-0.076. This difference caused from the difference of bacteria and also the 

medium used.  

 

Figure 3. CaCO3 formation during incubation (after; a)1 hour; b) 2 hours; c) 1 day; d) 1 week) 

 

3.3. Bacterial Solidification 

Microbially induced CaCO3 is a very important product which can be used to fix cement cracks and fissures in 

structural formation. The most important application area for microbiologically induced CaCO3 is remediation of 

damaged concrete. Microbiologically induced CaCO3 formation reaction generally ends with high pH because of 

series biochemical reactions. Sporosarcina pasteurii is plays an important role in this process by producing 

urease to hydrolyze urea to ammonia and O2. The produced ammonia will increase the pH of surroundings and 

calcite precipitation will start[18].  

In this study, first of all, attempts were made to be sure about the solidification process is carried out by 

Sporosarcina pasteurii in petri dishes. Sporosarcina pasteurii is grown on agar plates and the 2-3 cm height sand 

as put on it. Then the medium with CaCl2 was spread over sand daily until solidification completed.  Another 

petri without inoculums was used as control. The same procedure was applied on it. It was seen that the 

inoculum-free sand has elasticity (Figure 4a) just because of the agar and can be easily and rapidly disintegrated 

while the inoculum-containing sand is hardened (Fig. 4b). 
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Figure 4. Solidification trials on petri dishes (a. without inoculum; b. with inoculum) 

 

  3.4. Production of Environmentally Friendly Design Elements by Bacterial Solidification 

After the successful solidification process in petri dishes, a unique design element was designed and taken out 

from the 3-D printer (Figure 5). The design element that was selected for production with biodesign in this paper 

is a multipurpose urban furniture. It is part of a product range for parks and can be used to sit or lie on under 

various weather conditions including next to the sea. The product in this paper was scaled down for laboratory 

conditions.  

First of all this structure was filled with sand. Inoculum was then added to the sand and evenly distributed 

throughout. The DSM 33 growth medium containing 50 mM CaCl2 was evenly distributed on the sand too and 

incubated for 1 week in a 30°C incubator. The design unit obtained at the end of one week is shown in Fig 6. 

The ability of CO2 capture by Sporosarcina pasteurii is was analyzed by Okwadha and Li [19] and they found 

that CO2 usage by ureolytic activity can be used for microbial CaCO3 formation. Another application area where 

Figure 5. 3D printed design 
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Figure 6. Environmentally friendly solidified design element 

Sporosarcina pasteurii is used is civil engineering. A study conducted by Achal et al.[20] resulted in the increase 

of durability of concrete and Jonkers et al.[16]showed the self healing capability of concrete by Sporosarcina 

pasteurii. 

Stocks and Fisher [7] used narrow plastic columns to detect the solidification ratio and ability of sand hardening 

by Sporosarcina pasteurii was analyzed by SEM and XRD. The analysis showed the formation of calcite 

crystals which decreased the permeability of solid by 98%.  

The sand hardening properties of the bacteria in the work done by Sarmast et al.[21] have been tested in plastic 

columns. It has been observed to harden for 7 days in a similar quadrant in our study. At the end of this process, 

the stiffened sections were taken and CaCO3 crystals formation was compared and equal distribution throughout 

the column was observed. In our study, the possibility of taking the advantage of the sand hardening properties 

of bacteria to create a sophisticated architectural design elements which can be readily used in daily life.  

3.5. Solidification and CaCO3 Analysis Results 

Ca 2p peaks have clearly spaced spin-orbit components (Δcarbonate =3.5 eV). In the present study, Ca 2p region for 

this material (Figure 7) exhibits a well-resolved doublet with a Ca 2p3/2 component at 347.1 eV and a Ca 2p1/2 

component at 350.7 eV. The Ca 2p1/2 and Ca 2p3/2 bands are separated by ˜3.6 eV indicating that the structure is 

CaCO3.  

 
Figure 7. XPS spectrum of Ca in solidified sand 
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Sarmast et al. [21] used 2 bacterial species (Sporosarcina pasteurii is and Sporosarcina urea) to test the reaction 

times of solidifying at sandy soil columns. The results showed that CaCO3 precipitation so does solidification is 

more favorable with Sporosarcina pasteurii and 12% CaCO3 precipitation was observed. In our study according 

to XPS results 10% CaCO3 precipitation was observed with 50 mM CaCl2 addition.  

CONCLUSION 

Sporosarcina pasteurii is an environmentally friendly bacterium that can be used in hardening sand. Bacterial 

solidification was achieved after addition of CaCl2 to the medium. In future studies, real scale designs will be 

manufactured via harmless environmental processes and elements made by living organisms can be produced at 

larger scales. The originality of this study is that the resulting products are healthier and ecological alternatives 

to urban constructions with detrimental health and environmental effects. Besides the novel composition and 

production of the design products, they aim to be totally natural, non-toxic and durable. From a social point of 

view, this totally natural alternative production method in the environmentally notorious construction industry 

gives hope to the future generations for a new way of living. 
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