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ABSTRACT 

 

Creating multifunctional soft materials that enable controlled microbially induced calcium 

carbonate precipitation (MICP) with good mechanical properties is key to addressing geotechnical 

challenges such as soil stabilization and carbon storage. We have previously demonstrated a 

competitive displacement strategy to control the location and timing of the MICP reaction by 

immobilizing Sporosarcina pasteurii within biocompatible alginate hydrogel capsules. Here, we 

investigate the effect of gelling time and gelling agent concentration on the mechanical 

performance of hydrogel composites, as well as the behavioral changes of hydrogel capsules 

during MICP reactions. Notably, submillimeter-sized capsules were subjected to cyclic 

compression tests, enabling the real-time characterization of CaCO3 stiffness evolution during 

MICP. The aqueous chemistry was monitored using spectrophotometric analysis during gel 

liquefaction and ureolysis. These findings will help define key manufacturing parameters to 

improve soil-hydrogel compatibility and support the practical use of biomineral composites in 

soils. 

 

INTRODUCTION 

 

Microbial-induced calcium carbonate (CaCO3) precipitation (MICP) by ureolysis leading 

to the formation of CaCO3 minerals has gained attention due to its ability to modify soil properties 

for geotechnical applications, such as soil stabilization (van Paasen et al. 2010; Montoya et al. 

2014), erosion control (Jiang & Soga 2017; Saracho et al. 2021a), and carbon capture and storage 

(Okyay et al. 2016; Saracho & Marek 2024). MICP is influenced by multiple parameters that make 

its standardization in soils difficult, including particle shape and size of the treated soil (Mitchell 

& Santamarina 2005), ambient temperature and pH (Lauchnor et al. 2015), and viability and type 

of microbial strain used (Whiffin 2004; Saracho et al. 2020). As a result, the quantity, location, and 
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structure of the precipitates, and hence, mechanical properties, are governed by both intrinsic 

factors (e.g., ion concentrations, surface charge) and extrinsic factors (e.g., pH, temperature, ionic 

strength). This variability underscores the need for standardized and broadly applicable treatment 

methods that ensure consistent performance (Fu et al. 2023; Tang et al. 2020). 

In bioaugmentation, where exogenous microorganisms are introduced into the soil, 

bacterial encapsulation can help overcome some of these challenges by facilitating storage and 

transportation, dispersibility, and controlled release of MICP (Saracho et al. 2021b). Alginate 

hydrogels are particularly suitable as they contain a high-water content, and are non-toxic, 

biocompatible, and biodegradable. The gelation mechanism of alginate, known as the egg-box 

model, occurs when alginate chains are crosslinked by divalent cations, such as calcium (Ca2+) 

(Fang et al. 2007). Hence, competitive displacement of the chelated ions can be used to liquefy the 

gel. More specifically, calcium-binding properties in yeast extract, such as glutamate and aspartate, 

exhibit a pH-dependent ion affinity that can be exploited to harvest the calcium ions that crosslink 

alginate, and hence trigger the release of immobilized bacteria (Saracho et al. 2021b). While 

studies have examined the mechanical properties of soil-gel scaffolds (Wen et al. 2019; Heveran 

et al. 2020) and the micro-mechanical properties of hydrogel beads (Mattei et al. 2017), how and 

to what extent the micro-mechanical behavior of bacteria-laden hydrogel beads changes during 

MICP remains unknown. Yet, this is important because understanding the micro-mechanical 

behavior of bacteria-laden hydrogel beads during MICP is crucial for optimizing the controlled 

release of bacteria and predicting treatment outcomes in soil. This will advance our ability to 

design more efficient and reliable soil improvement techniques.  

This study examines the biochemical reactions and micro-mechanical changes during the  

transformation of hydrogel droplets, which can be as strong as sand beads (Pungrasmi et al., 2019), 

into CaCO3 precipitates. This transformation was monitored spectrophotometrically by tracking 

pH changes during gel liquefaction and MICP.  For the first time, we employed micro-scale 

compression-relaxation tests to quantify the temporal evolution of Young's modulus in precipitated 

calcium carbonate during MICP, revealing a remarkable increase in stiffness.  

 

METHODOLOGY 

 

Bacterial growth and pellet preparation. Sporosarcina pasteurii (ATCC 11859) is a gram-

positive strain with high urease enzyme activity, which plays a significant role in calcium 

carbonate precipitation. Bacteria from 25% glycerol stocks at -80°C were inoculated on ATCC 

1376 agar plates (13 mM tris buffer, 20.0 g/l yeast extract, 10 g/l ammonium sulfate, and 20.0 g/l 

agar, Sigma-Aldrich, pH 9.0) and incubated at 30°C for 48 hours. Single colonies were 

subsequently resuspended and incubated in ATCC 1376 liquid medium for approximately 12 hours 

at 30 °C and 200 rpm until they reached the mid-exponential phase (approximately 5x108 

CFU/mL). Finally, bacterial pellets were obtained by centrifuging the bacterial cultures at 4800 

rpm for 10 minutes at 4 °C, washing with phosphate-buffered saline (1x, Sigma-Aldrich), and 

centrifuging again to remove any remaining growth media components.  

 

Immobilisation of S. pasteurii in hydrogel beads. Alginate was used as supporting hydrogel at 

concentrations of 2.0%, 3.0%, and 3.6% w/v. Hydrogel solutions were mixed with bacterial pellets 

(1.5% w/v) and homogenized with a magnetic stirrer. A calcium-mediated gelling bath was used, 

prepared by dissolving 1.0 M calcium chloride (CaCl2) in Milli-Q water and sterile-filtered 

(0.2µm).  The extrusion setup consists of an infusion pump (Harvard Apparatus PhD Ultra) loaded 
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with a syringe containing the alginate-bacteria solution. This syringe was connected to a vertically 

clamped precision needle (25 G), with the magnetically stirred gelling bath positioned underneath. 

The distance between the needle tip and the surface of the gelling bath was set to 5 cm. The dripped 

beads were stirred for 30 minutes to facilitate cross-linking, then rinsed with Milli-Q water, and 

stored in Milli-Q water at 4°C until further use. 

 

Control of ureolysis and mineral precipitation and monitoring of ureolysis. Calcium-binding 

peptides in yeast extract display a pH-dependent ion affinity, which can be utilized to chelate the 

calcium ions that crosslink alginate, thereby triggering the release of the immobilized bacteria 

(Clarà Saracho et al., 2021b). The calcium-binding affinity of some of the proteins and peptides in 

yeast extract increases at high pH, while alginate’s decreases. This can be exploited to liquefy the 

alginate beads by putting them in contact with a high-pH urea and yeast extract solution (pH 10) 

triggering the release of MICP over a 24-hour period.  

To independently assess gel liquefaction, ureolysis, and CaCO3 precipitation tests were 

performed using three different triggering solutions, all based on the same YE-pH9.8 (Yeast 

Extract, pH 9.8) solution. This base solution was prepared with phenol red as a pH indicator for 

photometric monitoring, Tris base as a pH buffer, and yeast extract as the source of calcium-

binding peptides. Additionally, YE (pH 9.8) was prepared with 1 M urea, and equimolar amounts 

of urea and CaCl₂ (1M), as listed in Table 1. Bacterial and non-bacterial (control) hydrogel beads 

were placed in 300 µL of the triggering solution in 96-well plates. Measurements were taken every 

minute over a 24-hour period at constant temperature using a plate reader (Biotek Synergy Neo 2) 

at the peak absorbance of the pH indicator (560 nm). A560 readings were then converted to the 

corresponding pH values using the standard curve shown in Figure 1, with equations describing 

the linear relationship between A560 and pH across different pH intervals. The YE-pH9.8 (1M 

urea 1M CaCl₂) solution was excluded due to the interference of the precipitation with the 

absorbance measurements. 

  

Table 1. Chemical compositions of the triggering solutions 

Test ID  Yeast Extract 

(YE), g⋅L-1 

Tris base, M Urea, M Calcium 

chloride 

(CaCl2), M 

Phenol 

red g⋅L-1 

YE-pH9.7 3  0.13 M - - 0.01  

YE-pH9.7 (1M 

Urea) 

3  0.13 M 1 - 0.01  

YE-pH 9.7 (1M 

Urea 1M CaCl2) 

3  0.13 M 1 1 0.01  
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Figure 1. Calibration curve for pH analysis using phenol red, with inset showing the 

absorbance spectra of phenol red. The values are expressed as the mean ± standard 

deviation (SD) based on triplicate measurements. 

 

 

Micromechanical testing of hydrogel beads. Compression-tension experiments on submillimeter 

hydrogel beads were carried out using the Microtester G2 (Cell Scale), a micro-scale biomaterials 

testing device that uses a piezoelectric actuator with 0.1 µm resolution. Tested hydrogels were 

placed in a bath filled with either sterile DI water or one of the three triggering solutions listed in 

Table 1. DI was used to evaluate the effect of alginate concentration on non-liquefied beads. The 

circular tungsten microbeam with a diameter of 1.0160 mm was attached to a platen, and then was 

positioned at the topmost point of the hydrogel bead prior to testing. Following MICP, samples 

become significantly stiffer and brittle, and thus, a low axial strain (5%) was selected across all 

tests to ensure consistent testing conditions. Repeated loading and unloading cycles were applied 

at a rate of 300s under a constant displacement rate, and strain was computed from high-resolution 

charge-coupled device (CCD) imaging.  

 

RESULTS AND DISCUSSION 

 

Chemical effects of components in the triggering solution on the hydrogel beads. To observe 

the biotic and abiotic effects of gel liquefaction and ureolysis, pH levels were monitored over 24 

hours after the hydrogel beads were placed in the solutions, as shown in Figure 2. Figure 2a and 

2b show the results for gel samples with and without bacteria in YE-pH9.8 and YE-pH9.8 (1M 

urea) solutions. The figures also include results for a sample containing only a bacterial pellet, 
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equivalent to the total bacterial mass in one gel but without the gel itself. As expected, no gel 

liquefaction occurred in DI water, with pH remaining stable at 7. In contrast, samples placed in 

YE-pH9.8 showed an initial pH drop within the first 4 hours, attributed to the release of calcium 

ions from the gels, as shown in Figure 2a. This was followed by stabilization, indicates that the 

solution has a buffering capacity, allowing the pH to stabilize again, with a slight continued 

decrease in pH observed afterward for even the sample with no gel. 

In samples with YE-pH9.8 (1M urea), ureolysis drives pH changes towards the pKa of 

ammonium. Based on the initial pH of the YE-pH9.8 (1M urea), pH levels are expected to decrease 

as ureolysis proceeds, leading to an increase in the concentration of carbonate ions. The Ca2+ 

released from the gels subsequently enables the precipitation of CaCO3, further reducing pH. 

However, due to the limited calcium source, precipitation around the gel was not sufficient to 

prevent bacterial release. Instead, the presence of urea maintained a suitable pH, while factors such 

as nutrients and temperature create a suitable environment for bacterial growth and ureolysis.  

 

 

Figure 2. Changes in pH of bacterial and non-bacterial samples in a) DI-water and YE-

pH9.8, and b) YE-pH9.8 (1M urea) triggering solutions 

 

Effect of alginate concentration and gelling time in the mechanical behavior of hydrogel 

beads.  Beads with 3.0% w/v alginate concentration and 3.6% w/v alginate concentration exhibited 

a spherical geometry with sphericity factors of 0.017 (n=5, ±0.005) and 0.033 (n=10, ±0.010), both 

below the spherical threshold of 0.05 calculated using Equation 2. This sphericity factor, 

determined by the ratio of maximum (dmax) and minimum (dmin) diameters. 

 

 

The mechanical behavior of hydrogel beads was systematically evaluated through 

compression-relaxation experiments conducted under controlled conditions. The tests involved 

three successive loading-unloading cycles at 5% maximum strain, with the beads immersed in DI 

water. The elastic modulus demonstrated a strong linear correlation with alginate concentration as 

shown in Figure 3a, following the relationship Equation 3. The extension of gelation time from 30 

to 120 minutes showed no significant impact on the elastic modulus, maintaining consistent values 

around 75-80 kPa for 3.0% (w/v) hydrogel as shown in Figure 3b. This observation suggests that 

the cross-linking process reaches completion within the initial 30-minute period. 

Sphericity Factor (SF) = 
𝒅𝒎𝒂𝒙 − 𝒅𝒎𝒊𝒏

𝒅𝒎𝒂𝒙 + 𝒅𝒎𝒊𝒏
 (Chen et. al. 2009) 

 

      (2) 
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The stress-strain curve for 3% alginate beads demonstrated complete elastic recovery after 

relaxation, with an average Young's modulus of 78.6 kPa and reaching a maximum stress of 676 

N/m² at 5% strain as shown in Figure 4a and Figure 4b. Similarly, beads with 3.6% alginate 

concentration exhibited elastic behavior with a higher Young's modulus of 96.5 kPa. This is in 

agreement with Moe et al. (1992), who reported a similar viscoelastic behavior of cubic Ca-

alginate ethanol gels. The measured stresses during testing are below the ultimate strength of the 

hydrogel beads. 

 

 

Figure 4. a) Stress-strain plot of 3% hydrogel bead b) image of hydrogel bead after 

relaxation. 

 

Mechanical characterization of bacteria-encapsulated hydrogels. A 5% compression-

relaxation test was performed on bacteria-laden hydrogel beads (3.6% w/v) immersed in DI water 

 

Figure 3. a) effect of alginate concentration on the elastic modulus, and b) effect of gelling 

time on the elastic modulus.  

𝑬𝒍𝒂𝒔𝒕𝒊𝒄 𝒎𝒐𝒅𝒖𝒍𝒖𝒔, 𝑬 (𝒌𝑷𝒂)
= 𝟐𝟔. 𝟖𝟓𝟏 [𝑨𝒍𝒈𝒊𝒏𝒂𝒕𝒆] (%) + 𝟏𝟖. 𝟗𝟒𝟏 

(R2= 0.964) (3) 
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and YE-pH9.8 (1M urea and 1M CaCl2) triggering solution. Tests in the triggering solution showed 

a 3-fold increase in Young’s modulus over time due to MICP, as shown in Figure 5a. CaCO3 

precipitation primarily occurred within the hydrogel bead due to the local supersaturation offered 

by the release of Ca2+ (Figure 5b). The 24-hour test could not be completed because the bead 

collapsed under the first loading cycle. The observed decrease in Young's modulus at the 19th hour 

relative to the 7th hour is attributed to cumulative irreversible deformation, resulting from the 

precipitation of CaCO3 and the progressive expansion of microcracks induced by repeated loading 

cycles. 

 

 

 

Figure 5. 5% compression relaxation test results of bacteria-encapsulated hydrogel in 

triggering solution. a) images over time and b) changes in Young’s modulus over time. 

 

CONCLUSION 

 

This study examines the changes in pH and micro-mechanical behavior of bacteria-laden 

hydrogel beads to better understand their role in facilitating controlled bacterial release and the 

progression of MICP as a soil improvement technique. Taking advantage of the calcium binding 

affinity of certain amino acids present in yeast extract, we used a peptide-responsive release 

mechanism that makes the calcium ions that are weakly bound to the hydrogel matrix readily 

available for CaCO3 precipitation. To capture gel liquefaction and ureolysis, pH was monitored 

spectrophotometrically over time in triggering solutions with varying chemical compositions. The 

effect of key manufacturing parameters, such as alginate concentration and gelling time, on the 

Young’s modulus of hydrogel beads was illustrated and mathematically expressed. For the first 

time, the evolution of CaCO3 Young’s modulus during MICP was characterized using micro-scale 

compression-relaxation tests, revealing a 3-fold increase in stiffness over a 7-hour period. These 

findings provide valuable insights into hydrogel bead design and real-time monitoring of key 

parameters during MICP, offering a robust framework to optimize biomineral composite 

applications. 
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