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Formation mechanism of disc-shaped calcite—
a case study on Arthrobacter sp. MF-2
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Research on the biogenic-specific morphology of carbonate minerals has made progress in the fields of
biomineralization and industrial engineering. In this study, mineralization experiments were performed
using Arthrobacter sp. MF-2, including its biofilms. The results showed that a particular morphology of
minerals (i.e., disc-shaped) was observed in the mineralization experiments with strain MF-2. The
disc-shaped minerals were formed near the air/solution interface. We also observed that disc-shaped
minerals formed in experiments with the biofilms of strain MF-2. Therefore, the nucleation of

carbonate particles on the biofilm templates produced a novel disc-shaped morphology which was
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Accepted 23rd February 2023 assembled from calcite nanocrystals radiating out from the periphery of the template biofilms. Further,
we propose a possible formation mechanism of the disc-shaped morphology. This study may provide

DOI: 10.1039/d2ra074552 new perspectives on the formation mechanism of carbonate morphogenesis in the process of
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Introduction

Carbonate mineralization is widespread in natural environ-
ments and it is an important factor affecting the geochemical
cycling of elements, global climate change, and environmental
transition. Studies have shown that microbes can induce
carbonate precipitation under suitable conditions." A wide
variety of different morphologies of carbonate minerals are
exhibited in biological systems, including rhombohedra,
spherulites, rod-, dumbbell-, and cauliflower-like minerals,
etc.>® The structure of carbonate minerals induced by bacteria
is generally complex, usually with specific hierarchical structure
and texture characteristics.” Therefore, specific morphologies of
carbonate minerals can be used in the fields of medicine,
cosmetics, gene carriers, etc.,® and this may also provide
important clues for the evaluation of the biological processes in
the early rock record.

Studies exploring the formation process of carbonate
morphogenesis have focused increasingly on biological initia-
tion.* In the process of biomineralization, bacterial cells and
organic molecules secreted by bacteria can influence the
nucleation and subsequent crystal growth process of carbonate
minerals.**** Based on previous reports, organics have three
main roles in the crystallization process of minerals: templates
for crystallization, additives for growth control through the
interaction at crystal faces, and agents for diffusion control.*?
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Therefore, the formation of highly ordered structures in the
biomineralization processes is often attributed to interactions
between organic and inorganic components.*”*?

The concave morphologies of carbonate minerals have been
previously observed in laboratory experiments and natural
sediments. Lyu et al.** showed that Bacillus cereus LV-1 induced
the formation of sunflower morphology. In the natural envi-
ronment, coccoliths contain concave morphologies, such as
plate-like, round glass cups and trumpet, and coccolithophore
plays an important role in the formation of coccoliths."* The
concave minerals (e.g., hollow half-sphere, shells, four-sided
pyramids, etc.) were also observed in some simulation experi-
mental products without the participation of bacteria.’>'*'” At
present, scientists have put forward many ways formed concave
minerals: emulsion template method, block copolymer micellar
template method, SiO, sphere template method, and bubble
template method.'® However, the mechanism of nucleation and
growth of concave carbonate minerals induced by bacteria is
still unclear.

Herein, Arthrobacter sp. MF-2 was incubated for 30 days in
the medium without exogenous inorganic carbon. The scan-
ning electron microscopy (SEM) results show that the formed
minerals are mainly hollow-cone disc-shaped. Therefore, this
paper takes strain MF-2 as an example to study the formation
mechanism of disc-shaped minerals under the action of
bacteria. The biofilms and minerals floating on the air/water
interface of the culture liquid were observed and analyzed
using SEM and energy dispersive spectroscopy (EDS), and
then the formation mode of disc-shaped minerals was
summarized.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Materials and methods
Composition of the media

The liquid media (TB-C) used for the bacterial mineralization
experiments consists of 5 g tryptone, 3 g beef extract, and 1.11 g
CaCl, in 1 L deionized water, under high-pressure steam ster-
ilization (121 °C, 103.4 kPa, 20 min). The solid media was ob-
tained by adding 2% agar powder to the liquid media, and used
to purify bacteria. The initial pH value was adjusted to 7.5 using
0.5 mol per L NaOH solution, and dropped to 7.28 after
sterilization.

Characterization of strain MF-2

Arthrobacter sp. MF-2 was isolated from the soil sample
collected from the experimental field at Nanjing Agricultural
University. Transmission electron microscope (TEM) images
(Fig. 1) show that bacterial cells are short rod-like with a diam-
eter of 0.5-1.0 um and a length of 1.0-1.5 um."?°. Gram stain-
ing indicated that the strain MF-2 was Gram positive.

Bacterial mineralization experiments

To avoid the interference of calcium carbonate precipitation on
experimental results, a single colony cultivated on the agar plate
for 24 h after purification was inoculated into the media without
CaCl, to prepare bacterial inoculum, and then placed in
a shaking incubator (180 rpm) at 30 °C for 24 h. The cell density
of bacterial inoculum was 1.24 x 10° ¢fu mL™". Then, a 10 mL of
bacterial inoculum was inoculated into each 150 mL Erlen-
meyer flask containing 90 mL sterilized TB-C media. These
flasks were placed in an incubator. The control experiments
with dead bacteria (bacterial inoculum was sterilized at 121 °C
for 20 min) were also conducted, denoted as MF-CK.

Separation of biofilms and biomimetic experiments

To study further the effect of biofilms in the bacterial solution
on the mineralization of calcium carbonate, mineralization
experiments with biofilms were conducted. The media after
inoculation were placed in an incubator for 20 days. After that,
biofilms near the air/water interface were collected by using
inoculation loops, then suspended in the deionized water for
further use.

Fig.1 Morphologies of strain MF-2 cells grown on a solid medium for
48 h. (a) Unsliced MF-2 cells pictured TEM;* (b) ultra-thin slice of MF-2
cells.®®

© 2023 The Author(s). Published by the Royal Society of Chemistry
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One milliliter of biofilms suspension was added into a series
of 50 mL beakers containing 24 mL of CaCl, solution with
a concentration of 10 mmol L™". Next, these flasks were placed
in a closed desiccator. A beaker with 5 g of (NH,),CO; as the
source of CO, was also placed in the desiccator. In the control
experiments (CK), 1 mL of deionized water was used instead of
the biofilms suspension.

All of the above experiments were performed at 30 °C in
triplicate, and all flasks and beakers were sealed by using 0.22
um polypropylene films. After sampling, the obtained samples
were separated into solid and liquid fractions by using 0.22 pm
cellulose acetate membranes. The solid fractions were used to
characterize minerals, and the liquid fractions were used for
biochemical analyses. In addition, minerals at the air/water
interface of bacterial solution after 20 days were collected by
inoculating loop, and were used to observe their morphology.

Separation of bacterial cells and extracellular polymeric
substances secreted by bacteria

Strain MF-2 was cultivated in the shaking incubator at 30 °C and
180 rpm for 2 days. Then, the media containing strain MF-2 was
centrifuged at 5000 rpm for 10 min to obtain the cells and
supernatants. The harvested cells were washed three times with
0.5% NaCl solution to remove residual media and metabolic
products.

Extraction of extracellular polymeric substances (EPS):* the
supernatants were filtered by using 0.22 pm cellulose acetate
membranes. EPS in the supernatants after filtration was
precipitated with ethanol overnight at 4 °C. Then, the EPS crude
fraction was placed into a 7000 Da RC membrane to dialysis
against distilled water at 4 °C for 3 days. Finally, a pure EPS
fraction was generated for the analysis of functional groups.

Observations and measurements

The pH value was measured with a PHS-3BW pH meter (Bante
Instruments, China). The plate counting method was used to
count cell density. The Ca®>" concentrations were measured with
an Agilent 710 inductively coupled plasma optical emission
spectrometer (Agilent Technologies, America). The HCO;3;™
concentration was analyzed using the double indicator
neutralization titration method.*> Meantime, the content of
extracellular polysaccharide and the carbonic anhydrase (CA)
activity were determined by an EnSight enzyme-labeling
instrument (PerkinElmer, Singapore) via the sulfuric acid-
anthrone methods® and the p-nitrophenol,* respectively.

The minerals amount was determined by using a digital
analytical balance accurate to 0.1 mg. The mineralogical
composition was analyzed by a Rigaku D/max-B(u1) powder X-ray
diffraction (XRD) with Cu-Ka radiation. The functional groups
of minerals, bacterial cells, and EPS were identified by an
attenuated total reflectance infrared spectrometry (ATR-IR)
(Nicolet iS5, ThermoFisher, America). The minerals sample
was scanned continuously at 2° (26) min~" from 10° to 60° (26)
at 25 kv and 20 mA. A Carl Zeiss Supra 55 field emission
scanning electron microscopy (FE-SEM) with an Oxford Aztec X-
Max 150 EDS was used to observe the minerals morphology. The
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minerals particles were mounted on aluminum stubs covered
with copper-conductive adhesive tape, and then coated with
8 nm platinum film before observation.

Results
Biochemical characteristics

The cell density (Fig. 2a) shows a fluctuated trend, with an
increase observed from 0 to 9 d, and then a mild reduction from
9 to 30 d. The content of extracellular polysaccharide increased
gradually before the 10th day and then decreased (Fig. 2b). The
CA activity in the solution changed slightly in the experiments
with strain MF-2 (Fig. 2c). The pH value increased from an
original value of 7.21 to a maximum of 8.63, while the pH of MF-
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CK groups remained stable (Fig. 2d). The temporal change curve
of HCO;™ concentration (Fig. 2e) shows that it increased over
time in the experiments with strain MF-2, while HCO;"
concentration in the MF-CK groups almost unchanged. Ca**
concentration decreased with prolonged experimental time
from the original 9.87 mmol L™" to a minimum of 4.48 mmol
L', while the Ca®" concentration in the MF-CK groups kept
stable (Fig. 2f).

Minerals contents

Plenty of minerals particles were observed on the 20th day in the
solution with strain MF-2 (Fig. 3a). Fig. 3b shows that the
amount of the precipitates increased over time, among which
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Fig.2 Temporal changes of cell density (a), extracellular polysaccharide content (b), CA activity (c), pH value (d), the concentrations of HCOz™ (e)

and Ca?* (f) during the experiments with strain MF-2.
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Fig. 3 Temporal changes of precipitates components in the experiments with strain MF-2. (a) Minerals in bacterial solution; (b) changes of
amounts of total precipitates, organics and minerals.
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Fig. 5 ATR-IR patterns of minerals induced by strain MF-2.
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the amount of the organics kept stable while the amount of the
minerals increased over time. However, no minerals precipita-
tion took place in the MF-CK experiments.

Minerals composition

The XRD patterns (Fig. 4) show that the precipitates were mainly
calcite from the 9th day to the end of the experiments (30 days).
According to the analysis of the ATR-IR spectra (Fig. 5), we
found that there were characteristics of the v, and v, modes
(out-of-plane bending vibration of CO;>~ at around 871 cm™"
and in-plane bending vibration of O-C-O at around 711 cm ™",
respectively) in calcite. This suggests that strain MF-2 induced

the formation of calcite.

Minerals morphologies

SEM images (Fig. 6) show that minerals morphologies induced
by strain MF-2 included mostly disc, spherical shapes, and
small amounts of short rods. The disc-shaped carbonate parti-
cles had an average diameter of 400-900 pm. Its concave surface
was radiating out from the central nucleating region, and the
perimeter zone had a marked layer-by-layer squamous structure
with an oriented aggregation of carbonate crystals and radiated
outwards; some cells and organic substances attached to
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another side of the disc-shaped minerals. In addition, the
minerals particles formed presumably near the air/solution
interface were all hollow-cone disc-shaped morphology and
had an average diameter of 200-500 um (Fig. 7). The EDS
spectrum from disc-shaped minerals shows signals from
carbon (C), oxygen (O), calcium (Ca), their atomic percentages
are 32.1%, 53.97%, and 13.92%. According to the results of XRD
and ATR-IR (Fig. 4 and 5), these disc-shaped particles were
calcite.

Evidence of organic matters in minerals

The ATR-IR data showed that except for the absorption peak of
calcite, the minerals contained some functional groups, related
to C=0 (1709 cm '), C-O (1389 cm '), and C-O (1074 cm ™)
(Fig. 5). Strain MF-2 cells contained 1709 cm™’, 1545 cm ™,
1389 cm ™, and 1074 cm ™. EPS extracted by strain MF-2 con-

tained 1712 em ™', 1601 cm %, 1427 em™!, and 1018 em™*!
(Fig. 8).

Minerals characteristic in the experiments with biofilms of
strain MF-2

To further probe the origin of the disc-shaped morphology,
a series of biofilms from the media with strain MF-2 studies

EHT= 500kV  Mag= 103X SignalA=SE2 WD= 85mm Supra 55

EHT= 500kV  Mag= 191X SignalA=SE2 WD = 83mm Supra 55

Fig.6 Morphologies and EDS spectrum of minerals induced by strain MF-2. (a) 30th d, a general image shows hollow-cone disc-shaped (marked
with white box), spherical (marked with white arrows), and short rod-shaped (marked with white circles); (b) and (c) hollow-cone disc-shaped
(marked with white arrow), EDS spectrum of the white dot in (b); (d) spherical.
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Fig. 7 Morphologies of the minerals collected from the air/water interface in the medium with strain MF-2. (a) 20 d, a general image of disc-
shaped; (b) the raised surface of disc-shaped minerals; (c) and (d) disc-shaped.

were conducted in the system by gas diffusion. XRD patterns mostly disc-shaped, and small amounts of spherical and
showed that precipitates contained mainly calcite and low rhombohedral shapes, while perfect rhombohedral and irreg-
aragonite levels in both biofilms and CK samples (Fig. 9). ular crystals were formed in CK groups (Fig. 10).

Products precipitated at 50th h in the presence of EPS included
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Fig. 8 ATR-IR patterns of bacterial cells and EPS.
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Fig. 9 XRD patterns of minerals induced by the biofilms of strain MF-2. C — calcite; A — aragonite.
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Fig. 10 SEM images of minerals induced by the biofilms of strain MF-2. (a) 50th h, a general image shows two-sided raised disc-shaped,
rhombohedral, and spherical minerals; (b) and (c) two-sided raised disc-shaped; (d) 50th h, CK groups shows rhombohedral and irregular
minerals.

Discussion a reduction in Ca** concentration also corroborated the
formation of calcite (Fig. 2f). SEM images show that minerals
morphologies induced by strain MF-2 included mostly disc-
The results show that strain MF-2 induced carbonate precipi- shaped (Fig. 6). This may suggest that strain MF-2 has the
tation, wherein exogenous inorganic carbon was not added. ability to induce the formation of disc-shaped minerals.

Likewise, minerals were not formed in the control experiments. The formation of disc-shaped minerals in the solution with
Aside from the precipitate yield and XRD results (Fig. 3b and 4), strain MF-2 could involve the following tracks. (1) The alkaline

The role of strain MF-2 on the disc-shaped calcite
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condition is a prerequisite condition for the precipitation of
carbonate. The pH of the culture decreased slightly during the
initial growth stage (0-2 d), after which pH gradually increased.
In the control experiments, pH remained unchanged, thus
confirming that an increase in pH value resulted from meta-
bolic processes of strain MF-2. (2) An adequate amount of CO3>~
is a prerequisite condition for carbonate precipitation in the
presence of Ca”*. Bacteria were reported to secrete a certain
quantity of extracellular CA, which significantly accelerated CO,
hydration processes and provided continuous HCO; ™ in solu-
tion.> HCO;  can be translated into CO;*~ with pH >8.35,%
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thus CO;>~ combined with Ca®" to form CaCOj; precipitation.
(3) The static culture condition provides favorable conditions
for the formation of disc-shaped minerals. Strain MF-2 is an
aerobic bacterium, and the high metabolic activity of strain MF-
2 near the air/solution interface helps the increase of pH and
HCO;™ in the solution. We hypothesize that quiescent condi-
tions can create a diffusion-limited environment that allows
local solution calcium carbonate to increase to supersaturated
levels, thus inducing the precipitation of calcium carbonate
minerals near the air/solution interface. It can be observed from
Fig. 7 that some disc-shaped carbonate minerals floated at the

wD= 86mm Supra 55
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Fig. 11 SEM image of the disc-shaped morphology of minerals and EDS spectrum (mineralization experiments with the participation of strain
MF-2). (@ and b) Disc-shaped; (al-a3) are the EDS spectra of white dots 1, 2, and 3 on the disc-shaped minerals in (a), respectively; (c) and (d) are
respectively the atomic percentages of elements and C/O atomic ratios on different dots of disc-shaped minerals in (a).
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air/solution interface. This shows that the disc-shaped minerals
are mainly formed near the air/solution interface.

The nucleation and growth of the disc-shaped calcite

In the mineralization experiments with strain MF-2, massive
disc-shaped minerals were formed, and the concave surface
showed radiated outwards (Fig. 6 and 7), which reflected the
growing trend of the center to the periphery after crystal
nucleation. The SEM images show that the minerals particles
floating near the air/solution interface are disc-shaped minerals
(Fig. 7). Further EDS analysis of the disc-shaped minerals
particles shows that the C/O atomic ratio gradually decreases
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from the center to the periphery of the disc-shaped minerals,
and there are similar bacteria-like holes in the center of the
minerals surface (Fig. 11), which shows the imprints of bacterial
cells involved in carbonate precipitation. This means that the
carbonate minerals may be initially precipitated on the biofilms
templates to produce the disc-shaped particles. The biofilms
were a microbial community growing near the air/solution
interface, mainly composed of bacterial cells and EPS
attached to bacterial surfaces.”® They contain negatively charged
functional groups (Fig. 8), and can attract calcium ions. It was
suggested that the Ca®" as a “cation bridge” might attract CO;>~
generated by CA,” this can result in a local supersaturation and

Signal A = SE2

EHT = 5.00 kv Mag= 321KX

I e IR O g O

L O Jrrrrpr R e

C/O atomic ratios

-20 0 20 40
distance (um) to the center
of disc-shaped particle

-40

Fig. 12 SEM images of disc-shaped morphology of minerals and EDS spectrum (mineralization experiments with the biofilms of strain MF-2). (a
and b) Disc-shaped; (al), (a2), and (a3) are the EDS spectra of white dots 1, 2, and 3 on the disc-shaped minerals in (a), respectively; (c) and (d) are
respectively the atomic percentage of elements and C/O atomic ratios on different dots of the disc-shaped minerals in (a).
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hence heterogeneous precipitation of calcium carbonate on the
biofilms. We suggest three reasons. (1) By comparing the
functional groups of the precipitates (in the experiments with
strain MF-2), the strain MF-2 cells and EPS, the results show
that the organic functional groups contained in the precipitates
are the same as those in strain MF-2 cells and EPS (Fig. 5 and 8),
which indicates that some organics (for instance, MF-2 cells and
EPS) were enwrapped by carbonates or enwrapped carbonates.
(2) In order to further explore the nucleation site of disc-shaped
minerals, the disc-shaped minerals in the presence of biofilms
were formed, and analyzed by using SEM and EDS. The results
show (Fig. 12) that the C/O atomic ratio of the disc-shaped
minerals gradually decreases from the center to the periphery,
and some similar bacteria-like holes in the center of the
minerals surface further demonstrated that disc-shaped
morphologies of precipitated carbonate minerals were initi-
ated by nucleation of carbonates on a biofilms template. (3) The
bacterial respiration and urea hydrolysis will release CO, and
NH;,*® while the viscous biofilms near the gas-liquid interface
can prevent the escape of CO,, NH; and other gases. Davis and
Thinger® showed that bubbles served as nucleation sites for the
formation of crystals. Nanoparticles are formed presumably
near the air/solution interface, and hence the whole water/CO,
bubble interface is subsequently covered by aggregating nano-
particles, and the ring morphology grows to hollow half
spheres. As a result of the increasing weight of the formed
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mineral, it sinks somewhat deeper and the solution/air surface
develops a curvature.'® In the mineralization experiments with
strain MF-2, CO, and other gases produced by bacterial
metabolism may also provide favorable conditions for the
formation of disc-shaped minerals.

In the mineralization experiments with biofilms, the main
nucleation templates of precipitated carbonates appeared to be
the biofilms. As a result, the minerals morphology formed was
mainly disc-shaped with thin periphery and thick center
(Fig. 10), which was different from the disc-shaped formed in
the experiments with strain MF-2. According to the analysis, the
possible reasons are as follows: (i) in the system by gas diffu-
sion, the CO, partial pressure is relatively high, this can result in
the fast nucleation rate of carbonate minerals, and hence
nanoparticles accumulated and grew on the surface of the
biofilms to form disc-shaped minerals with thin periphery and
thick center; (ii) when collecting the biofilms, the biofilms were
all broken. In the mineralization experiments with biofilms,
a part of the biofilms was deposited at the bottom of the
containers, and the carbonate minerals formed on the biofilms
templates may not occur near the air/solution interface, which
may form disc-shaped minerals with the thin periphery and
thick center.

Based on the observations above, the process of formation
and growth of the disc-shaped morphology of precipitated
carbonate on biofilms templates can be described. As illustrated
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Fig. 13 Scheme of formation process of disc-like morphology of CaCOs.
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in Fig. 13, a three-stage growth process explains the formation
of disc-shaped carbonate minerals. First, biofilms containing
bacterial cells and EPS are formed near the air/solution inter-
face. Second, the negatively charged cells and EPS attract Ca>",
then the Ca®>" attracts CO;>~ generated slowly in the medium
and they combine to form CaCO; nanoparticles. Third, the
gases (e.g., CO,) generated by the degradation of organic
matters and bacterial respiration do not completely leave the
solution because they are stabilized by biofilms at the air/water
interface. More CO5>~ are formed here, and finally disc-shaped
minerals are formed by ion-by-ion addition (Fig. 13).

Conclusion

In the mineralization experiments with strain MF-2, a particular
morphology of minerals (i.e., disc-shaped) was observed. After
careful observation, the minerals particles formed presumably
near the air/solution interface in the solution with strain MF-2
were hollow-cone disc-shaped morphology, which indicated
that the disc-shaped minerals were formed near the air/solution
interface. Based on these results, a proposed mechanism for
disc-shaped minerals formation is the following: (i) biofilms
composed of bacterial cells and EPS are formed near the air/
solution interface; (ii) the negatively charged cells and EPS
attract Ca®', then the Ca®" attracts CO,>~ and they combine to
form CaCOj; nanocrystals; (iii) the gases (e.g., CO,); generated by
the degradation of organic matters and bacterial respiration do
not completely leave the solution owing to the presence of
biofilms near the air/water interface. More CO;>~ formed here
result in the formation of disc-shaped minerals.
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