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Abstract 

Aim: This study aimed to understand the morphological effects of (in)organic additives on microbially induced calcium carbonate precipitation 
(MICP). 
Methods and results: MICP was monitored in real time in the presence of (in)organic additives: bovine serum albumin (BSA), biofilm surface 
la y er protein A (BslA), magnesium chloride (MgCl 2 ), and poly - L -ly sine. T his monitoring was carried out using confocal microscopy to observe 
the formation of CaCO 3 from the point of nucleation, in comparison to conditions without additives. Complementary methodologies, namely 
scanning electron microscop y, energy -dispersiv e X-ra y spectroscop y and X-ra y diffraction, w ere emplo y ed to assess the visual morphology, 
elemental composition, and crystalline str uct ures of CaCO 3, respectiv ely, f ollo wing the cry stals’ f ormation. T he results demonstrated that in 
the presence of additives, more CaCO 3 crystals were produced at 100 min compared to the reaction without additives. The inclusion of BslA 

resulted in larger crystals than reactions containing other additives, including MgCl 2 . BSA induced a significant number of crystals from the early 
stages of the reaction (20 min) but did not ha v e a substantial impact on crystal size compared to conditions without additives. All additives led 
to a higher content of calcite compared to vaterite after a 24-h reaction, with the e x ception of MgCl 2 , which produced a subst antial quantit y of 
magnesium calcite. 
Conclusions: T he w ork demonstrates the effect of se v eral (in)organic additiv es on MICP and sets the stage for further research to understand 
additive effects on MICP to achieve controlled CaCO 3 precipitation. 

Impact Statement 

The research findings are important for the development of controlled CaCO 3 bioproduction of different sizes and morphologies, which can have 
beneficial uses in a range of industrial applications. 
Ke yw or ds: CaCO 3 morphology; (in)organic additives; microbially induced calcium carbonate precipitation (MICP); Sporosarcina pasteurii 
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Introduction 

Calcium carbonate (CaCO 3 ) is an inorganic salt that occurs 
naturally in a variety of materials including chalk, limestone,
and marble (Geyssant 2001 ). CaCO 3 is also present in ma- 
rine organisms where it provides exoskeleton strength, pro- 
tection from injury, or shelter (Wu et al. 2017 ). Additional 
occurrences of CaCO 3 in nature include teeth and bones of 
vertebrates (Mann 2001 ) and induced precipitation by bac- 
teria (Dade-Robertson et al. 2015 ). CaCO 3 has a number of 
polymorphs. The crystalline polymorphs of CaCO 3 that are 
mainly observed are aragonite, calcite, and vaterite, each of 
which have characteristic morphologies, which are needle- 
like, rhombohedral, and spherical, respectively (Minkowicz 
et al. 2021 ). Other polymorphs consist of metastable hy- 
drated forms of CaCO 3 such as monohydrocalcite, ikaite, and 

CaCO 3 hemihydrate (Clarà Saracho et al. 2021 ), as well as dif- 
ferent phases of polymorphs, including the recently reported 

calcite-Vb (Druzhbin et al. 2022 ). Morphologies observed in 

marine organisms can be more complex due to the interaction 
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f CaCO 3 with inorganic and organic compounds. Overall,
he wide range of CaCO 3 presents the potential for control-
able mineral synthesis for new types of material production 

Dade-Robertson et al. 2015 ). 
CaCO 3 can be found in extensive applications, with differ- 

nt polymorphs offering advantageous properties for specific 
ses. For example, aragonite has application in papermaking,
alcite is utilized for drug delivery, and vaterite is incorporated
nto teeth whitening products. In addition, the sizes and for-
ation rates of crystals are crucial factors in various applica-

ions, notably in the context of microbially induced calcium 

arbonate precipitation (MICP) for geoengineering purposes.
or example, when CaCO 3 was used to stabilize soils, smaller
rystals were found to give a higher unconfined compressive 
trength compared to larger crystal sizes (Putra et al. 2016 ).
urthermore, rate differences of crystal formation can be im- 
ortant for applications such as self-healing concrete, which 

ould benefit from faster crystal formation (Zaerkabeh et al.
022 ). 
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Figure 1 . Sc hematic diagram of MICP through ureolytic bacteria. 
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Due to the diverse practical application of CaCO 3 , its syn-
hesis has been extensively carried out through chemical meth-
ds such as carbonation, hydrothermal and solvothermal syn-
hesis, water-in-oil reverse emulsion routes, and ultrasonic in-
ensification routes (Liendo et al. 2022 , Niu et al. 2022 ). Over
he last decade, industrial demands have driven the extensive
esearch in the controlled synthesis of CaCO 3 . Studies have
emonstrated that different morphologies can be achieved by
ltering synthesis conditions such as reactant concentration
Bahrom et al. 2019 ). 

More recently, MICP is seen as an alternative method to
hemical production of CaCO 3 for use in various applica-
ions due to advantages in lower greenhouse gas production
nd production costs (Yi et al. 2021 ). Applications of MICP
nclude bio-bricks (Yu and Rong 2022 ), dust suppression
Yu and Zhang 2023a ), mortar crack repair (Yu and Zhang
023b ), slope stability (Xiao et al. 2022 ), and soil stabilization
Yu et al. 2022 , 2023 , Yu and Pan 2023 ). Bacterial cells and as-
ociated biological activities mediate the formation of CaCO 3 .

ost research focuses on the ureolytic pathway approach,
hich features the hydrolysis of urea to form ammonia (NH 3 )

nd carbon dioxide (CO 2 ) (Fig. 1 ). The CO 2 forms carbonate
CO 3 

2 −) that can react with calcium (Ca 2 + ) in the local en-
ironment to form CaCO 3 , whilst NH 3 forms an equilibrium
ith ammonium (NH 4 

+ ) and causes a local pH rise, which
reates favourable conditions for CaCO 3 formation and pre-
ipitates from solution when oversaturated. Bacterial cells can
lso act as nucleation sites for CaCO 3 formation by accumu-
ating Ca 2 + on the negatively charged cell walls, which pro-
otes crystal formation on cell surfaces (Zhang et al. 2018 ). 
There are numerous chemical synthesis studies that have

een conducted to understand how to control CaCO 3 pre-
ipitation to achieve specific morphologies, and a comprehen-
ive review has been conducted by Niu and colleagues (Niu et
l. 2022 ). Yet few studies have explored the use of additives
longside MICP to modify CaCO 3 morphology and precipi-
ation rate. The use of additives can have two main impacts
n MICP, including altered the urease activity of the bacte-
ia and the morphology of the formed CaCO 3 . In the lim-
ted MICP studies conducted, the majority have investigated
norganic additives, e.g. magnesium chloride (MgCl 2 ), Na-
ontmorillonite and nickel chloride (NiCl 2 ). The most com-
on additive investigated has been MgCl 2 , which has been

hown to promote acicular aragonite in place of rhombohe-
ral calcite (Boyd 2012 , Boyd et al. 2014 , Putra et al. 2016 ,
u et al. 2020 ). Na-montmorillonite was shown to provide
ucleation sites for precipitation to occur and increase overall
aCO 3 precipitation, although at high concentrations, pre-

ipitation was elevated to a lesser extent. Na-montmorillonite
aused CaCO 3 to change to an irregular rhombohedral mor-
hology (Tang et al. 2021 ). Another additive that has been
ell studied is NiCl 2 that can increase ureolysis rate of bac-

eria by promoting higher urease content per cell, which has
ubsequent effects on CaCO 3 precipitation rate (van Paassen
009 , Connolly et al. 2013 , Dhami et al. 2013 , 2017 , Row-
hanbakht et al. 2016 , Cheng et al. 2017 ). However, con-
entrations > 500 μM NiCl 2 can have inhibitory effects on
ell growth and CaCO 3 precipitation (Bachmeier et al. 2002 ).
iCl 2 has not been studied in detail for the effects on CaCO 3 

orphology. Less studies have been conducted into the effect
f organic additives on MICP. The poly amino acid, poly- l -
ysine, has previously been shown to promote the formation of
llipsoidal-shaped aggregates in place of rhombohedral calcite
Nawarathna et al. 2018a , b ). Whereas, nonfat milk powder
as been used during enzyme-induced CaCO 3 precipitation,
hich can aggregate Ca 2 + together and act as nucleation sites,
s well as delay precipitation due to a chelating effect from ca-
ein (Almajed et al. 2019 ). In addition to individual additives,
here is evidence that bacterial extracellular polymeric sub-
tances (EPS) have an impact on CaCO 3 nucleation and mor-
hology, although due to the variations in EPS composition
hat can occur, this can both promote and inhibit CaCO 3 pre-
ipitation (Decho and Gutierrez 2017 ). The goals of this work
ere to determine the effects of several additives on MICP,
ith a focus on understanding the process of crystal forma-

ion from the start to the end point of CaCO 3 precipitation. 

aterials and methods 

acterial culture conditions 

porosarcina pasteurii strain DSM 33 was used for all exper-
ments (Yoon et al. 2001 ). Cultures were grown in nutrient
edia containing nutrient broth (13 g l −1 ), with 187 mM
H 4 Cl and 333 mM urea at 30 

◦C, 150 RPM to early sta-
ionary phase. Harvested cultures were washed three times in
hosphate-buffered saline (NaCl 136.89, KCl 2.68, Na 2 HPO 4 

.95, and KH 2 PO 4 1.76 mM, pH 7.4) with centrifugation at
8 516 × g for 15 min, 4 

◦C, (Universal 320, Hettich, Ger-
any). Following washing, cells were resuspended in 18.2
 � cm H 2 O to the optical density at a wavelength of 600

m (OD600nm) of 2.8, which is equivalent to ∼8.27 × 10 

8 

ells ml −1 ; based on an S. pasteurii OD/cell number conver-
ion of 2.95 × 10 

8 per OD 600nm 

(Haystead 2023 ). Cultures
ere stored on ice until required for experimental work. Ad-
itional tests were performed using cells 5 h after the wash
tep. Cultures were removed from ice 5 min prior to use in
xperiments to allow to reach room temperature. The ureoly-
is activity of S. pasteurii has been measured in our previous
tudy through a conductivity assay adapted from existing lit-
rature (Van Passen 2009 and Whiffin 2004 ). Under the same
onditions, it was shown that the S. pasteurii whole cells have
n activity of 22.05 mM OD 600nm 

−1 min 

−1 (Haystead 2023 ).

eal-time observation of crystal formation in 

esponse to additives 

everal different additives were selected for testing to deter-
ine the effects on CaCO 3 crystal formation from MICP.

art/lxad309_f1.eps
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Bovine serum albumin (BSA) is a protein extracted from cow 

plasma, which consists of 583 amino acids (Hirayama et al.
1990 ). Other researchers have shown that BSA has adhesive 
properties and may potentially function as a binder (Roberts 
et al. 2020 , 2021 ). The biofilm surface layer protein A (BslA) is 
a common biofilm hydrophobin protein, which is able to self- 
assemble at interfaces to provide a hydrophobic coating of sur- 
faces (Hobley et al. 2013 ), and features a large hydrophilic do- 
main with a small hydrophobic cap (Ramos et al. 2022 ). BslA 

has not yet been studied alongside CaCO 3 precipitation, yet is 
hypothesized to have an impact on CaCO 3 precipitation based 

on interactions of other globular protein-charged residues on 

CaCO 3 precipitation (Robles-Fernández et al. 2022 ). MgCl 2 
has been studied in a variety of MICP studies, although there 
is a research gap of studying CaCO 3 precipitation in real time.
The final additive selected for study was poly- l -lysine because 
it has been demonstrated previously that charged polypeptides 
can have an impact on CaCO 3 crystal formation (Nawarathna 
et al. 2018a , b ), which is important to study due to the pres- 
ence of polypeptides in bacterial EPS (Huang et al. 2022 ).
Nawarathna et al. ( 2018a ) have previously studied poly- l - 
lysine effects on MICP, although not with S. pasteurii , there- 
fore, this seemed an ideal polypeptide to test to add to this 
body of knowledge. 

MICP reaction mixtures included nutrient broth (3 g l −1 ),
with 500 mM CaCl 2 , 187 mM NH 4 Cl, and 500 mM urea,
which were additive-free baseline conditions to which reac- 
tion mixtures containing additives were compared. In addi- 
tion to this, additives were investigated separately, and the 
concentrations used for these additives are BSA at 75 mg l −1 ,
BslA at 400 mg l −1 , MgCl 2 at 125 mM, and poly- l -lysine at 
100 mg l −1 . Cells were added as a final step to start MICP 

reactions 30 min after being washed to a working concentra- 
tion of 4.13 × 10 

8 CFU ml −1 . Two negative controls were set 
up, which were the same as the baseline conditions where one 
control was acellular and one control contained no urea. Con- 
focal laser scanning microscopy (DMi8, Leica Microsystems) 
was used to visualize a 50 μl drop from each reaction mixture 
using bright-field mode with images taken using the wide-field 

image acquisition function at time intervals of 0, 20, 40, 60,
80, and 100 min. Image view fields were 150 × 110 μm and 

at least three images were captured per time point under all 
conditions. Additionally, to monitor formation of MICP from 

nucleation in real time, each condition was monitored at a 
fixed position using time lapse at 1-min intervals over a 120- 
min period. Experiments were performed at room tempera- 
ture (20 

◦C–22 

◦C). Three biological replicates were performed 

for each condition. 

Quantification of crystal formation: size and total 
crystal number 

Images captured using confocal microscopy were assessed 

for total crystal number and crystal diameter measurements 
in FIJI (version 2.9.0). For each time point, condition and 

biological replicate, three images were selected for analysis.
Measurements of crystals ( μm) in images analysed for each 

time point and condition were averaged and standard error 
was calculated. For tests where cells were used 5 h after the 
wash step, only 100-min time points were assessed and for 
each image, 25 crystals were selected for size measurement.
Either a one-way ANOVA or Kruskal–Wallis ANOVA test 
was used for statistical analysis of total crystal number and 

crystal diameter measurements and was performed in IBM 
PSS (version 28.0.0.0). A Kolmogorov–Smirnov test was 
sed to assess if variables were normally distributed before 
electing the statistical test. Either Student–Newman–Keuls 
SNK) or Tamhane’s T2 post hoc statistical analysis was used
longside one-way ANOVA tests depending on homogeneity 
f variances. 

H monitoring during crystal formation in real-time 

ICP reactions were set up in the same manner as for confo-
al microscopy experiments, using a volume of 10 ml. Reac-
ions were performed at room temperature (20 

◦C–22 

◦C) and
he pH was measured (Accumet AE150 Benchtop pH Meter,
isher Scientific) at 0, 20, 40, 60, 80, and 100 min, as well
s after 24 h. Three biological replicates were performed for
ach condition. 

orphology and elemental composition analysis 
ICP reactions were set up in the same manner as the confo-

al microscopy experiments, using a volume of 50 ml. Samples
ere kept at room temperature (20 

◦C–22 

◦C) for 24 h. Precip-
tated CaCO 3 was collected by passing samples through filter 
aper (0.2 μm) and washing three times with distilled H 2 O.
amples were dried at 70 

◦C for 24 h then stored in a desicca-
or for a further 24 h. 

To assess visual morphology Scanning Electron Microscope 
SEM) and elemental composition Energy-Dispersive X-ray 
pectroscopy (EDS), precipitated CaCO 3 from each reaction 

ix was applied to carbon discs on 12 mm aluminium stubs.
he sample top surface was coated in 4 nm chromium us-

ng a sputtering machine (Q150T ES Plus, Quorum Tech- 
ologies). Samples were visualized on an SEM at 3 kV to
inimize sample damage with associated software (TESCAN 

IRA3, Czech Republic). EDS analysis was performed at 
0 kV in triplicate with AZtecLive 6.1 software (Oxford 

nstruments). 

tructural properties analysis 
recipitated CaCO 3 was crushed using a pestle and mortar 
nd packed into XRD sample holders. XRD data were col-
ected using a Rigaku SmartLab diffractometer with Cu K α

adiation (40 kV and 50 mA) using SmartLab Studio II soft-
are. Measurement parameters were 0.01 

o 2 θ step size, 2 s
er step and 5–65 

o 2 θ exploration range. XRD samples were
dentified and quantified using HighScore Plus software. XRD 

hromatograms were integrated to determine peak profiles for 
ach reaction mix. Peak profiles were subsequently compared 

o the crystallography open data (COD) database to provide 
 structural match and crystalline phase identification of the 
ata for ammonium chloride (COD ID 96-900-7494), calcite 
COD ID 96-901-5391), magnesium calcite (COD ID 96-721- 
218), and vaterite (COD ID 96-900-7476). 

esults 

aCO 3 crystal morphology changes in response to 

dditives 

nder confocal microscopy, CaCO 3 crystal formation started 

o occur from 20 min under most conditions tested in this
tudy. However, morphological differences were most clearly 
bserved at 100 min, therefore, images were compared at 
his time point (Fig. 2 ). Additive-free conditions showed a
ixture of calcite crystals and spherical vaterite (Fig. 2 a–c).
rystal formation for this condition at 20, 40, 60, 80, and
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Figure 2. CaCO 3 formations observed during confocal microscopy experiments after 100 min under all conditions. (a–c) Additive-free conditions, (d–f) 
BSA additive conditions, (g–i) BslA additive conditions, (j–l) MgCl 2 additive conditions, and (m–o) poly- L -lysine additive conditions. 
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00 min showed the initial overall CaCO 3 morphology was
aterite, which started to transform to calcite from 80 min
 Supplementary Fig . S1 ). Additive-free conditions compared
o acellular and urea-free negative controls at 100 min con-
rmed that observed CaCO 3 structures were caused by MICP
 Supplementary Fig . S2 ). BSA additive produced CaCO 3 crys-
als of similar morphology distribution compared to additive-
ree conditions (Fig. 2 d–f). Addition of the hydrophobic pro-
ein BslA produced unique CaCO 3 formations that were not
bserved under additive-free or BSA conditions, which in-
luded jagged structures (Fig. 2 g), large spherical structures
Fig. 2 h), as well as calcite and vaterite as observed under pre-
ious conditions (Fig. 2 i). MgCl 2 as an additive showed the
resence of jagged CaCO 3 morphologies (Fig. 2 j) in addition
o calcite and vaterite (Fig. 2 k and l), although the jagged mor-
hologies were smaller compared to those formed with BslA
s an additive (compare Fig. 2 j to g). Inclusion of poly- l -lysine
 u  
esulted in mainly spherical vaterite formations occurring of
imilar size to additive-free conditions, with minimal calcite
bserved (Fig. 2 m–o). 
Due to the unique nature of crystal formation when BslA

as present as an additive (Fig. 2 g–i), CaCO 3 morphologies
ere investigated in more detail across the time series (Fig. 3 ).
he early stages of the unique formations can be observed at
0 min and feature a perimeter of CaCO 3 (Fig. 3 a–c). The
aCO 3 perimeters then fill with CaCO 3 as well as expand

o form floral/jagged structures, which are observed at 80
Fig. 3 d–f) and 100 min (Fig. 3 g–i). 

aCO 3 crystal measurements in response to 

dditives 

he number of individual crystals under additive-free con-
itions peaked at 60 min with 36.44 ± 3.56, then declined
ntil 100 min with 17.89 ± 8.06 (Fig. 4 a). All additives

art/lxad309_f2.eps
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Figure 3. CaCO 3 formations observed during confocal microscopy experiments for BslA additive at different time points showing the formation process 
of unique CaCO 3 morphologies at 60 (a–c), 80 (d–f), and 100 min (g–i). 
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investigated produced a higher number of crystals by 
100 min compared to additive-free conditions, which were 
34.22 ± 9.24, 23.44 ± 13.78, 21.11 ± 8.79, and 39.56 ± 5.47 

for BSA, BslA, MgCl 2 , and poly- l -lysine, respectively. BSA 

crystal numbers peaked at 40 min with 73.78 ± 4.69 crystals,
which declined until 100 min, BslA crystal numbers peaked 

at 100 min with 23.44 ± 13.78 crystals, MgCl 2 crystal num- 
bers peaked at 80 min with 22.00 ± 10.07 crystals with a 
small decrease at 100 min, and poly- l -lysine crystal numbers 
also peaked at 80 min with 47.89 ± 28.43 crystals with a 
small decrease at 100 min. Treatments containing BSA gen- 
erated significantly higher crystal numbers than treatments 
with other additives at 40 min ( P = .002 with sample group- 
ings confirmed by SNK analysis), and by 60 min significantly 
higher crystal numbers continued to be produced with BSA 

additive in comparison to MgCl 2 and poly- l -lysine additives 
( P = .012 with samples groupings confirmed by SNK anal- 
ysis). Significant differences in crystal number between ad- 
ditive amended reactions were not apparent at later time 
points ( P > .05). 

Crystal measurements at 100 min under additive-free con- 
ditions showed an average diameter of 33.26 ± 9.70 μm 

(Fig. 4 b). BSA, MgCl 2 , and poly- l -lysine produced smaller 
crystals at 100 min of sizes 20.88 ± 1.76, 21.51 ± 3.25, and 

18.55 ± 1.05 μm, respectively, whilst BslA produced larger 
crystals of 45.48 ± 15.63 μm. There were no significant dif- 
ferences in crystal size under conditions containing additives 
n comparison to additive-free conditions at any time point 
 P > .05). 

H changes of MICP reactions in response to 

dditives 

here were no significant changes in pH observed in all the
xperiments performed during this study. Initial pH at 0 min
nder additive-free, BSA, and BslA conditions were 7.69, 7.70,
nd 7.73, respectively, whilst the pH for MgCl 2 and poly- l -
ysine conditions was slightly lower at 7.35 and 7.40, respec-
ively. Following this, pH under all conditions varied within 

he neutral range of 7.58–8.01 over the monitored 24 h. The
aximum standard error recorded was 0.01. 

aCO 3 morphology, structural, and elemental 
omposition after 24 h 

urther morphology, structural, and elemental analysis 
emonstrated most of the conditions tested in this study pro-
uced a higher content of calcite compared to vaterite. CaCO 3 

isualization under additive-free conditions after 24 h of for- 
ation showed hollow spherical structures of CaCO 3 as well

s layered CaCO 3 formations (Fig. 5 a). The content of cal-
ite was 78.8% and vaterite was 21.2%. BSA additive con-
itions showed layered CaCO 3 formations and were absent 
f spherical formations (Fig. 5 b). Majority (90.1%) of those
re calcite with only 9.9% vaterite. BslA additive conditions 

art/lxad309_f3.eps
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Figure 4. CaCO 3 crystal measurements at 0, 20, 40, 60, and 100 min under all conditions. (a) Average crystal numbers. (b) Average crystal size. All 
measurements were counted within 150 × 110 μm view fields and were the average of three biological replicates, with three technical replicates 
conducted per biological replicate. Error bars show standard error. ∗ show significant differences at P < .05. 
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howed small hollow spherical CaCO 3 formations similar
o additive-free conditions along with layered CaCO 3 ̧with a
ower proportion of spherical CaCO 3 (Fig. 5 c). They consti-
ute 88.5% calcite and 11.5% vaterite. Interestingly, MgCl 2 
dditive conditions showed high amounts of layered CaCO 3 

ormations and were absent of spherical formations, similar
o BSA (Fig. 5 d). The content of calcite was 45.3% and mag-
esium calcite was 54.7%, with no detection of vaterite. Poly-
 -lysine additive conditions showed much larger spherical
aCO 3 structures, which were not hollow, with low amounts
f layered CaCO 3 formations (Fig. 5 e). The content of calcite
as 90.1% and vaterite was 9.9%. Overall, the morphology
f additive condition crystals featured fewer spherical CaCO 3 

nd high amounts of large layered CaCO 3 structures apart
rom poly- l -lysine, which still displayed high proportions of
pherical CaCO 3 . EDS of additive-free, BSA, BslA, and poly- l -
ysine conditions confirmed that all structures detected were
aCO 3 , and conditions containing MgCl 2 contained the el-

ments carbon, calcium, magnesium, and oxygen in the ex-
ected proportions (Fig. 5 ). The content of Mg 2 + was 2.5%–
.3% in analysed sections of triplicate samples. A comparison
f the ratios of CaCO 3 polymorphs highlighted differences be-
ween additive-free and additive-amended conditions (Fig. 5 f).
 a
aCO 3 formation in cells 5 h after washing and 

endrite formation 

n addition to investigating the impact of the additives on
ICP, cell metabolism also appeared to affect the process in

erms of the crystal precipitation rate and size. These were
bserved by confocal analysis when the reaction contained
ells 5 h after washing (Fig. 6 ), which demonstrated signifi-
antly higher CaCO 3 precipitation at 100 min compared to
he same time point using cells 30 min after washing shown
n Fig. 2 . Due to the high volume of crystals, crystal num-
ers were not quantified and only 25 crystals per image were
easured for crystal dimensions. Overall, crystals for all sam-
les were smaller in size (Fig. 7 ). Assessment of CaCO 3 at
arlier time points for cells used 5 h after washing showed
imilar CaCO 3 morphologies, sizes, and crystal numbers to
ccur at 20 min under BSA additive conditions, 40 min under
dditive-free conditions, BslA additive conditions, and poly- l -
ysine additive conditions, and 60 min under MgCl 2 additive
onditions ( Supplementary Fig . S3 ). However, CaCO 3 at these
ime points were not identical to cells used 30 min after wash-
ng samples. The main differences were smaller crystals and
igher crystal numbers, higher vaterite morphologies for BSA,
nd higher calcite morphologies for poly- l -lysine. 
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Figure 5. CaCO 3 analysis by SEM, XRD, and EDS of samples after 24 h under all conditions. (a) A dditiv e-free conditions, (b) BSA additive conditions, (c) 
BslA additive conditions, (d) MgCl 2 additive conditions, (e) poly- L -lysine additive conditions, and (f) stacked bar chart of calcite polymorph ratios under all 
additive conditions, assessed by XRD of samples after 24 h. 
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Dendrite formation was observed and documented at the 
120-min time point and was observed in both sets of test sam- 
ples and negative controls ( Supplementary Fig . S4 ). Videos 
were also captured to evidence this ( Videos S3 , S4 , and 

S5 ). Dendrite formation obstructed the field of view and 

made it unfeasible to observe or measure other CaCO 3 
formations. 
iscussion 

aCO 3 crystal formation in real time 

he utilization of confocal microscopy revealed the precip- 
tation of CaCO 3 over time and the impact of additives on
rowth and morphology of the crystals (Fig. 2 ). Initially, un-
er additive-free conditions, the observed morphologies were 

art/lxad309_f5.eps
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Figure 6. CaCO 3 formations observed during confocal microscopy experiments after 100 min under all conditions using cells 5 h following the washing 
step instead of 30 min f ollo wing the washing step. (a–c) Additive-free conditions, (d–f) BSA additive conditions, (g–i) BslA additive conditions, (j–l) MgCl 2 
additive conditions, and (m–o) poly- L -lysine additive conditions. 
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pherical, which is indicative of vaterite and represents the
ost common vaterite morphology (Udrea et al. 2012 ). Over

ime, the vaterite formations increased in size indicating nucle-
tion of CaCO 3 on pre-existing CaCO 3 formations (Fig. 4 b);
owever, individual crystal numbers decreased by 100 min
howing that either crystals merged together when in close
roximity or that the growth of larger crystals obstructed ex-
sting crystals from the field of view (Fig. 4 a). By 100 min, the
dditive-free conditions showed a mixture of rhombohedral
alcite crystals and spherical vaterite (Fig. 2 a–c), demonstrat-
ng transformation of a proportion of the vaterite to calcite,
hich is thermodynamically more stable. The presence of va-

erite polymorphs can still be observed due to stabilization by
mmonium (Hu et al. 2012 ), which prevents transformation
o calcite by interaction with CO 3 

2 −. Literature shows that
igher proportions of vaterite are formed at pH < 8 (Chen
t al. 1997 , Chang et al. 2017 ), which aligns with the initial
H of the reaction solution (pH 7.69). Overall, pH changes
ere minor over the 100 min and were not the cause of crys-

al transformation from vaterite to calcite. Other studies have
hown using chemical precipitation tests at 24 

◦C that pure
aterite forms below pH 10 and pure calcite forms at pH
1 (Gómez-Morales et al. 1996a , b ). However, it should be
oted that multiple factors influence CaCO 3 morphology, in-
luding temperature and the presence of additive (Boulos et
l. 2014 ), and the optimum pH range may vary under differ-
nt conditions. After 24 h, XRD detected a mixture of cal-
ite and vaterite, which were observed as layered CaCO 3 and
ollow spherical CaCO 3 , respectively (Fig. 5 a). This demon-
trated that CaCO 3 morphologies observed in real time from
ucleation remained stable following complete crystal forma-
ion. Size similarities of spherical crystals between 100 min

art/lxad309_f6.eps
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Figure 7. Comparison of CaCO 3 crystal measurements at 100 min under all conditions for cells that were used 30 min after the wash step and cells that 
were used 5 h after the wash step. All measurements were counted within 150 × 110 μm view fields and were the average of three biological 
replicates, with three technical replicates conducted per biological replicate. Error bars show standard error. 
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and 24-h time points suggested that under the current testing 
conditions, the size of crystals does not significantly grow be- 
yond 100 min, although new crystal nucleation may still occur 
after 100 min. pH increases were minor after 24 h and would 

have had minimal impact on CaCO 3 morphologies formed. 

CaCO 3 crystal formation in real time in response to 

additives 

Whilst there were no significant morphological differences be- 
tween BSA additive and additive-free conditions (Fig. 2 d–f 
compared to Fig. 2 a–c), there were a higher number of smaller 
crystals (Fig. 4 ). This could occur due to more nucleation sites,
which are provided by charged residues of BSA, which con- 
sists of 17.2% polar and acidic amino acids and 17.0% polar 
and basic amino acids (Hirayama et al. 1990 ). Electrostatic 
interactions from BSA incorporated into CaCO 3 may have an 

inhibitory effect on crystal growth, causing CaCO 3 in solution 

to form new crystals as opposed to adding to existing crystals,
as was observed in a study, which looked at the influence of 
synthetic, charged polypeptides on CaCO 3 polymorphs (Dž- 
akula et al. 2011 ). Monitored pH changes were similar to 

additive-free conditions, therefore, pH was not impacted by 
the presence of BSA. Higher calcite content was observed and 

measured after 24 h (Fig. 5 b), showing that BSA can promote 
calcite formation. 

Interestingly, hydrophobic protein BslA additive produced 

unique CaCO 3 formations that were not observed under 
additive-free conditions (Fig. 3 ). These structures could have 
occurred due to the hydrophobic properties of BslA (Morris et 
al. 2017 ). BslA may have self-assembled into a circular perime- 
ter, which provides a scaffold for CaCO 3 nucleation (Fig. 3 a–
c). Following growth of CaCO 3 on the BslA perimeter, CaCO 3 

growth occurs inside the perimeter until the structure is filled 

with CaCO 3 (Fig. 3 d–i). In addition to the unique crystal mor- 
phologies, calcite and vaterite were present at similar distribu- 
tions and sizes compared to additive-free conditions (Fig. 2 g–
i compared to Fig. 2 a–c). Overall, crystals formed in similar 
numbers to additive-free conditions but were larger in size,
showing that BslA can promote nucleation of CaCO 3 on ex- 
isting crystals (Fig. 4 ). Before 80 min, crystal numbers were 
lower than additive-free conditions but larger in size, further 
videncing that BslA promotes nucleation of CaCO 3 on ex- 
sting crystals. Monitored pH changes remained in line with 

dditive-free conditions, therefore, pH was not impacted by 
he presence of BslA. After 24 h, calcite content was higher,
imilar to BSA conditions; however, unique CaCO 3 morpholo- 
ies were not observed at this stage (Fig. 5 C). The layered
aCO 3 could be linked to the formation of floral/jagged struc-

ures, which promote growth of existing CaCO 3 crystals to 

arger sizes. 
Addition of MgCl 2 showed similar jagged CaCO 3 struc- 

ures observed under BslA conditions; however, these were 
f smaller size (Fig. 2 j–l compared to Fig. 2 a–c). Mg 2 + may
ind to early stage CaCO 3 formations and will inhibit growth
f CaCO 3 by competition with Ca 2 + for binding to CO 3 

2 −

Ahn et al. 2000 ). This inhibition will result in different ar-
as of the CaCO 3 to grow at different rates, resulting in non-
omogenous formations leading to jagged structures. Addi- 
ionally, CaCO 3 precipitation rate was delayed when com- 
ared to additive-free conditions (Fig. 4 a). By 80 min, sim-
lar numbers of crystals have formed compared to additive- 
ree conditions, although crystal growth stagnates leading to 

igher CaCO 3 precipitation under additive-free conditions 
y 100 min (Fig. 4 b). The delay occurred due to binding of
g 2 + with CO 3 

2 −, which is gradually substituted with Ca 2 + 

o form CaCO 3 (Boyd 2012 ). Delayed precipitation by Mg 2 + 

as been reported by a range of other studies (Boyd 2012 ,
oyd et al. 2014 , Abdel Gawwad et al. 2016 , Putra et al.
016 , Lv et al. 2022 ). Initial solution pH was 0.34 lower com-
ared to additive-free conditions, which increases in line under 
dditive-free conditions by 20 min. The initially lower pH as
ell as subsequent pH changes were similarly observed with 

oly- l -lysine conditions. No delay in CaCO 3 precipitation oc-
urred with poly- l -lysine conditions, therefore, this indicates 
hat pH was not a significant cause of MgCl 2 delayed precipi-
ation under the conditions set up for this study. Furthermore,
ue to pH values increasing in line under additive-free con-
itions within 20 min, this shows that MICP processes can
ave a significant effect on the overall solution pH within a
hort time period. After 24 h, only calcite and magnesium
alcite were observed and detected (Fig. 5 d), showing that
aterite transforms to calcite in the presence of magnesium 

art/lxad309_f7.eps
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hloride additive. Another study investigating the impact of
g 2 + in CaCO 3 crystal growth from sea water concluded

hat calcite containing greater than 8.5% molar content of
gCO 3 is less stable than aragonite (Berner 1975 ). This study

etected a content of 54.7%, therefore, inclusion of MgCl 2 as
n additive may not be suitable if CaCO 3 polymorph stabil-
ty is important. Berner ( 1975 ) also observed that Mg 2 + can
etard the rate of CaCO 3 crystal growth due to incorporation
f Mg 2 + with the growing crystal, which is in agreement with
rystal size measurements (Fig. 4 b) and XRD data (Fig. 5 d).
imilar to BslA, MgCl 2 may promote the growth of existing
aCO 3 due to the presence of layered CaCO 3 ; however, this

ffect is not observed during the first 100 min due to the de-
ayed precipitation effect by MgCl 2 . Although aragonite is an-
ther polymorph of CaCO 3 that can form, especially in the
resence of MgCl 2 (Putra et al. 2016 ), the conditions used
uring this work did not favour aragonite formation. Other
actors that promote aragonite formation include a pH > 12
Gómez-Morales et al. 1996a , b ), temperatures > 40 

◦C (Ya-
ushi 1962 ), and low levels of CaCO 3 saturation (Somani et
l. 2006 ). The temperature used for these experiments was
0 

◦C–22 

◦C, which does not favour aragonite formation. Al-
hough high pH promotes aragonite formation, high aragonite
ormation has been reported at a lower pH of 8.1 (Ahn et al.
000 ). However, this was still higher than the pH measured
uring this study. Furthermore, the temperatures used by Ahn
t al. ( 2000 ) were 80 

◦C, which differs significantly to this
tudy. 

Inclusion of poly- l -lysine resulted in mainly spherical amor-
hous CaCO 3 /vaterite formations occurring of similar size
o additive-free conditions, with minimal calcite observed
Fig. 2 m–o compared to Fig. 2 a–c). By 100 min, total crys-
al numbers were higher than additive-free conditions and
ere smaller in size, similar to BSA, which demonstrates the

bility of poly- l -lysine to promote nucleation of new crys-
als (Fig. 4 ). Initial pH was lower than additive-free condi-
ions but increased in line under additive-free conditions by
0 min similar to MgCl 2 conditions, which provides further
vidence that MICP processes can significantly influence solu-
ion pH within a short time period. Structural analysis after
4 h measured higher calcite and lower vaterite compared to
dditive-free conditions, although the morphology of CaCO 3 

emained largely spherical (Fig. 5 e). These spherical struc-
ures appeared solid compared to the hollow crystals under
dditive-free conditions. MICP studies by Nawarathna et al.
lso investigated the use of poly- l -lysine on CaCO 3 morphol-
gy; however, a key difference with these studies was the use
f Pararhodobacter sp. instead of S. pasteurii (Nawarathna
t al. 2018a , b ). The main morphologies observed were cal-
ite, which is in agreement with XRD measurements, although
bserved morphologies in this study were spherical, which is
ot characteristic of calcite. Nawarathna et al. ( 2018b ) found
rom Fourier-transform infrared spectroscopy analysis that
oly- l -lysine was incorporated into CaCO 3 crystals and may
rovide nucleation sites, which can account for differences in
orphology. In the case of these experiments, incorporation
f poly- l -lysine to CaCO 3 crystals may help to stabilize the
pherical CaCO 3 structures, although doesn’t prevent calcite
ormation due to calcite detection by XRD. Higher concentra-
ions of poly- l -lysine may minimize calcite formation. There
s evidence of poly- l -lysine acting as nucleation sites too as
emonstrated through higher crystal numbers observed in our
tudy. 
dditional observations 

mpact of cell metabolism on crystal formation 

aCO 3 nucleation occurred faster and at higher quantities
hen using cells 5 h after washing compared to 30 min after
ashing (Fig. 6 compared to Fig. 2 ). Comparable CaCO 3 oc-

urred at much earlier time points for all samples using cells 5
 after washing, although crystals were overall smaller and at
igher quantities than when using cells 30 min after washing
 Supplementary Fig. S3 compared to Fig. 2 ). An explanation
or this is that after S. pasteurii was washed, there were still
reolysis products within the cells such as CO 3 

2 − and NH 4 
+ .

hese products are able to diffuse freely into the surrounding
edium (Wiley and Stokes 1963 ), therefore, these products
iffused over time into the H 2 O used for bacterial resuspen-
ion. Potentially, urea in the original culture medium could
ave diffused into cells prior to washing, which would be hy-
rolyzed by urease during or after the wash step. Washed bac-
erial culture after 5 h will contain increased concentrations of
hese ions due to a longer period of diffusion compared to 30
in, therefore, this may have promoted higher rates of CaCO 3 

recipitation for these time points. Despite storage of cells on
ce before starting MICP reactions, other cell metabolic pro-
esses may also contribute to higher concentrations of CO 3 

2 −

or cells utilized 5 h after washing. For example, menaquinone
vitamin K2) biosynthesis (Jiang et al. 2007 ) and synthesis of
ranched chain amino acids (Chipman et al. 1998 ) can both
roduce CO 2 in S. pasteurii , which will lead to higher CO 3 

2 −

oncentrations. Overall, increased CaCO 3 precipitation may
ave occurred due to both higher diffusion of ureolysis re-
ction products out of cells into the bacterial resuspension
edium and cell metabolic processes that produce CO 2 . Addi-

ionally, crystal sizes were smaller under all conditions at 100
in with 5 h postwash samples compared to 30 min post-
ash samples (Fig. 7 ). These findings align with other works

hat demonstrated faster CaCO 3 precipitation rates and high
egrees of supersaturation resulting in smaller CaCO 3 crystals
Liendo et al. 2022 ). It is further confirmed that CaCO 3 crystal
ize could be controlled by using bacteria with different ure-
se expression levels. For example, Esc heric hia coli engineered
ith urease cassettes of different activity levels showed a re-

ationship between urease expression and CaCO 3 size, with
arger crystals forming at lower expression levels (Liang et al.
018 ). Finally, differences in crystal polymorph were observed
hen comparing CaCO 3 using cells 5 h after washing to 30
in after washing ( Supplementary Fig. S3 compared to Fig. 2 ).
hese include higher vaterite content under BSA additive con-
itions and higher calcite content with poly- l -lysine addition.
his evidences that cell metabolism has an impact on CaCO 3 

orphology as well as size and crystal number, which high-
ights the importance for controlling urease expression and
he contents of the cell resuspension medium to achieve pre-
ictable CaCO 3 precipitation. 

ucleation and growth of CaCO 3 crystals in MICP 

rom the literature, there are numerous reports determined
rom indirect SEM imaging of S. pasteurii acting as nucle-
tion sites for CaCO 3 precipitation to occur (Bang et al. 2010 ,
chal and Pan 2014 , Xu et al. 2015 , Fu et al. 2023 ), and

his is considered an important role of the cells for the for-
ation of CaCO 3 in addition to facilitating MICP reactions.
owever, when monitoring formation of CaCO 3 from col-

ected images (Fig. 2 ) and time lapse ( Videos S1 and S2 ), it

https://academic.oup.com/jambio/article-lookup/doi/10.1093/jambio/lxad309#supplementary-data
https://academic.oup.com/jambio/article-lookup/doi/10.1093/jambio/lxad309#supplementary-data
https://academic.oup.com/jambio/article-lookup/doi/10.1093/jambio/lxad309#supplementary-data
https://academic.oup.com/jambio/article-lookup/doi/10.1093/jambio/lxad309#supplementary-data
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was not clear whether S. pasteurii were required for the initial 
nucleation of CaCO 3 . Firstly, for many CaCO 3 formations,
the cells were not required as nucleation sites as there were 
no bacteria embedded in the central region. If cells initiated 

the precipitation, the observation of S. pasteurii cells within 

the centre of all CaCO 3 formations would be expected. Sec- 
ondly, CaCO 3 formations were observed to grow over time,
whilst the number of new CaCO 3 formations occurred at a 
low rate, which showed that newly formed CaCO 3 had a 
preference for nucleating on existing CaCO 3 instead of nu- 
cleating from free bacteria. A number of CaCO 3 free bacte- 
ria can be observed in the medium at 100 minutes, therefore,
there was not an issue of there being no available bacteria 
cells for CaCO 3 precipitation to occur on (Fig. 2 ). Similar ob- 
servations were made during experiments featuring physical 
barriers between bacteria and the reaction solution to give 
bacteria-free zones that resulted in CaCO 3 precipitation in 

both bacteria-inclusive and bacteria-free zones indicating min- 
eralogy and morphology was not controlled by cell surfaces.
Zones containing bacterial cells featured larger crystals com- 
pared to bacteria-free zones, and precipitation in both cellular 
and acellular compartments was attributed to identical bulk 

solution chemistries (Mitchell and Ferris 2006 , Zhang et al.
2018 ). Based on our real-time monitoring, we have observed 

a higher abundance of crystals forming in cell-free configura- 
tions as opposed to those where cells serve as nucleation sites 
in the early stages of the MICP process. 

Outlook 

Confocal microscopy provided significant information, which 

cannot be observed through traditional material characteri- 
zation methods. However, the current method also has limi- 
tations, as this method to visualize CaCO 3 can only be per- 
formed for a maximum of 2 h. After this time, CaCO 3 in 

the form of dendrites will form ( Supplementary Fig. S4 and 

Videos S3 , S4 , and S5 ). The formation of dendrites obstructed 

the field of view and obscured the visualization of CaCO 3 

formed from MICP processes when using brightfield confo- 
cal microscopy. Dendrites can be composed of either arago- 
nite and calcite and are formed independently of microbial 
processes (Jones 2017 ). To prevent dendrite formation after 2 

h, alterations to the methods employed will be required. This 
may involve methods to minimize evaporation from the sam- 
ples, which may be the cause of dendrite formation. 

Despite the evidence from this paper of the CaCO 3 mor- 
phology and precipitation rate changes in response to addi- 
tives, it must be considered that several other factors also have 
an impact on this process. These can include reactant concen- 
tration (Somani et al. 2006 , Yao et al. 2009 , Nan et al. 2010 ),
temperature (Chong et al. 2014 ), bacteria concentration and 

species (Nawarathna et al. 2018a , b ), as well as a variety of 
other additives not investigated during this study (Liendo et al.
2022 ). Additive experiments from this study were performed 

under a single set of conditions to reduce the number of vari- 
ables that could affect the experimentation. CaCO 3 morphol- 
ogy and precipitation rate may change substantially if these 
other factors were to be altered; however, this was beyond the 
scope of this study. 

From the results of this work, several areas of future work 

can be identified. Different concentrations of additives could 

be used to further understand the impact of additives on 

CaCO 3 morphology and precipitation rate. Furthermore, use 
of different bacteria concentrations would help to elucidate 
he role of bacteria as nucleation sites for CaCO 3 precipita-
ion. 

onclusion 

verall, the study demonstrated that CaCO 3 precipitation 

ate and morphology in MICP processes with S. pasteurii can
e controlled by the inclusion of (in)organic additives. The ad-
itives investigated during this work were BSA, BslA, MgCl 2 ,
nd poly- l -lysine. Our findings indicate that in the presence of
dditives, there was an increased production of CaCO 3 crys- 
als at 100 min compared to the reaction without additives.
he incorporation of BslA resulted in larger crystals than re-
ctions containing other additives, including MgCl 2 . BSA in- 
uced a significant number of crystals from the early stages of
he reaction (20 min) but did not exert a substantial impact on
rystal size compared to conditions without additives. All ad- 
itives led to a higher content of calcite compared to vaterite
fter a 24-h reaction, except for MgCl 2 , which produced a sig-
ificant quantity of magnesium calcite. Different morpholo- 
ies can be advantageous for different applications that in- 
lude papermaking, drug delivery, and teeth whitening prod- 
cts. Different precipitation rates can also be advantageous,
.g. it would be beneficial to have faster MICP rates in self-
ealing concrete. Future work should direct attention to un- 
erstanding CaCO 3 morphology and rate changes at a range 
f additive concentrations, as well as under different baseline 
onditions, so that precise control of CaCO 3 precipitation can 

e achieved. Further understanding of the process of inducing 
nd controlling CaCO 3 mineral formation, including precip- 
tation rate, crystal morphology, and/or crystal size, will be 
ssential for the development of novel biologically mediated 

aterials. 
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