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Abstract: Biomineralization is a universal process that has implications in a variety of areas, from
civil engineering to medicine. While crystallization of amorphous CaCOj3 formed in vitro is known
to precede the vaterite-calcite /aragonite pathway, this process could be significantly altered when
induced by bacteria, particularly within the extracellular matrix (ECM) of microbial cells. We used a
combination of SEM, SANS, SAXS, FTIR and XRD methods to investigate the structure of CaCO3
formed during biomineralization induced by planktonic Bacillus cereus. Formation of precipitates in
the presence of CaCl, and urea was observed both during bacterial growth and in the medium devoid
of bacteria and ECM (cell-free system). The pathway for polymorphic transformations of CaCO3
from the amorphous phase to vaterite and further to calcite was confirmed for the bacterium-induced
mineralization and did not depend on the concentration of Ca?* and urea. The structure of CaCOj3
sediments differed when formed in cell-free and bacterial systems and varied depending on time
and the medium composition. The rate of precipitation was accelerated in the presence of DNA,
which had little effect on the solid phase structure in the cell-free system, while strongly affecting the
structure and polymorphic composition of the precipitates in bacterial culture.

Keywords: bacterial biomineralization; calcium carbonate; mesostructure; SAXS; SANS; extracellular

matrix

1. Introduction

The process of biomineralization induced by bacterial cells is often considered in the
context of civil engineering technologies, for example for the repair of concrete construc-
tions [1-5], or for soil stabilization [3,6,7]. The study of biomineralization is also important
for solving clinical problems associated with the stationary urinary catheter incrustation
induced by microorganisms that use urea in their metabolic reactions [8-10]. Several groups
of scientists have shown the relationship of macromolecules in bacterial biofilms with the
process of calcium carbonate precipitation. However, most of these works were devoted to
models of encrusted biofilms formed on a solid medium surface that are far from being ap-
plicable to the above-mentioned technologies [11-15]. In our recent work [16], we showed
the key role of extracellular DNA (eDNA) during biomineralization and formation of the
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extracellular matrix (ECM) in the planktonic culture of the bacterium B. cereus. While not
excluding the influence of amyloid proteins and polysaccharides of ECM, our results gave
a strong indication that calcium carbonate precipitation depends on the presence of eDNA,
which apparently affected the structures of mineral aggregates.

It is well known that during the precipitation of calcium carbonate both in vitro and
in vivo (in the cellular environment), amorphous calcium carbonate (ACC) is formed
first, followed by crystallization over time [17] along the pathway [18] depending on
environmental conditions (pH, concentration of Ca?* and carbonate ions [19]) and, if
the medium contains bacteria, a bacterial strain [20,21]. Recently, a large number of
articles have focused specifically on ACC [22-26] because several reports indicated that
the further path of crystallization of the mineral directly depends on the formation of its
amorphous structure [27]. However, data on the nano- and meso-structure of precipitates
formed during bacterial biomineralization are extremely fragmentary and rare. The most
comprehensive description of the nano- and meso-structure of ACC synthesized and
stabilized in vitro was described by Simon M. Clark et al. [28], who used neutron and
X-ray scattering methods to eliminate inconsistencies in the previously reported data on
the ACC structure [29]. Stabilization of ACC is necessary since the time of its transition to
vaterite and calcite polymorphs in vitro is no more than 2 min at pH 10.5 [30]. J. Tobler et al.
showed that an increase in pH contributes to the stabilization of ACC, slowing down the
crystallization process and the passage of the vaterite phase in which ACC crystallizes into
calcite [30]. In a bacterial environment, the polymorphic transition of CaCOj3 takes many
hours and occurs at significantly lower pH values (about 7.5 [16,31]). Such stabilization may
be explained by the presence of organic inclusions (polysaccharides, eDNA or amyloids)
in the extracellular matrix, since the stabilizing role of some macromolecules such as
polyaspartic acid, polyethylene glycol and dendrimers was demonstrated in the in vitro
system [32], as was stabilization by protein structures for the system in vivo [33].

There are three polymorphic modifications of anhydrous calcium carbonate that
crystallizes from ACC: metastable vaterite with a hexagonal substructure, and two stable
polymorphs, orthorhombic aragonite (Pmcn) and rhombohedral calcite (R3c) [34]. The
ACC crystallization path is largely determined by the polyamorphism or “prestructure”
of calcium carbonate [23], that is, the near-order at the nano- or meso-sized structures. To
the best of our knowledge, there are no studies of the nano- and meso-sized structures of
polymorphs formed during calcium carbonate crystallization or polymorphic transitions in
a system containing bacterial cells. However, there are a large number of publications in
which the chemical composition of precipitates formed during biomineralization process
was characterized by various methods, mainly IR spectroscopy [35-37], XRD [31,34-38],
SEM, FIB and EDX [31,34]. The above methods were frequently used to describe the
morphology [31,34,36] and polymorphic composition of crystals [31,34-36]), which varied
in different types of bacteria. These might include, besides the widespread phases (vaterite,
ACC and calcite), rare aragonite and hydrated crystalline phases of monohydrocalcite,
hexahydrocalcite or even ikaite not commonly observed in the in vitro system but occurring
in nature [20].

The aim of the present work was to fill in the gap in information about the structural
features of calcium carbonate biomineralization. Using a complex of physical methods
including IR spectroscopy, XRD, SEM, SANS and SAXS, we further studied the evolution of
the crystal and supramolecular structure of calcium carbonate precipitates formed during
biomineralization induced by B. cereus planktonic culture [16]. We also investigated the
effect of the eDNA removal from ECM on the structure of the bioorganic aggregates and
compared the structure and morphology of precipitates formed in bacterial culture and in
a cell-free system with and without DNA.
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2. Materials and Methods
2.1. Bacterium Growth and Sample Preparations

The strain Bacillus cereus 4B (an undomesticated prototrophic strain from our laboratory
collection) [39] deposited at the National Bioresource Center “All-Russian Collection of
Industrial Microorganisms” under the number B-14265 was maintained on LB medium
(peptone 10 g/L, yeast extract 5 g/L and NaCl 10 g/L) containing 1% agar. To assess the
influence of the concentration of urea and Ca?* ions on the structure of CaCO3 precipitation,
two variants of standard B4 medium (yeast extract, 2 g/L; glucose, 10 g/L) were used:
B4 with urea and CaCl, when the concentration of both components was 25 g/L, and
B4 with urea and CaCl, when the concentration of both components was 2.5 g/L. In our
model system with planktonic culture, high concentrations of calcium and urea were
used to produce calcium carbonate crystals, with a high yield required. Pre-sterilized
solutions of urea or/and CaCl, were added separately to the corresponding medium
after autoclavation.

The inoculum was preliminary grown in LB medium overnight and transferred into
the 500 mL flasks containing 100 mL of the appropriate B4 medium and cultivated for
52 h at 37 °C with shaking at 110 rpm. Two-milliliter aliquots were withdrawn every 3 h
followed by cooling to the room temperature (25 °C) for subsequent experiments.

Biomass changes during the cultivation were routinely monitored in all media by
measurements of the culture liquid optical absorbance at 600 nm using a spectrophotometer
Hitachi U-3310. Values for pH were monitored using a pH-meter (HANNA instruments
HI8519N, Smithfield, RI, USA) and pH-indicator strips (Merck KGaA, Darmstadt, Germany)
where appropriate.

Samples for research (FTIR, XRD, SANS, SAXS and SEM) were washed to remove
the culture medium, bacterial cells and extracellular matrix by repeated reprecipitation in
water and were dried in air at a temperature of 37 °C under sterile conditions.

2.2. Cell-Free Experiment

To study the effect of DNA on the precipitation of calcium carbonate in a cell-free
system, we used the supernatant obtained after growing B. cereus in B4 medium [16,40] with
the addition of an excess of urea (25 g/L or 2.5 g/L). After the pH of the culture medium
in each vial reached a value of 8, the cells and their associated ECM were separated from
the supernatant (12,000 rpm, 15 min) followed by the addition of calcium chloride (25 g/L
or 2.5 g/L) and salmon sperm DNA (30 pg/mL) and were incubated for 2 h at 37 °C. The
precipitate was registered spectrophotometrically at 540 nm [41].

2.3. Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray (EDX) Analyses

Electron micrographs were obtained using a Carl Zeiss NVision 40 scanning elec-
tron microscope with Schottky field emission. The samples were applied in the form of
powder on a conductive carbon tape. The samples were not coated. Images were taken
at an accelerating voltage of 1 kV, 3.5 mm work distance using a secondary electron de-
tector (Everhart-Thornley) at x1000—100,000 magnifications. Energy-dispersive X-ray
spectroscopy (EDS) was performed using an Oxford Instruments X-Max EDS detector at an
accelerating voltage of 20 kV, 5 mm work distance calibrated with a cobalt standard. The
EDS results were processed using INCA software.

2.4. XRD and FTIR Analyses

Powder X-ray diffraction (XRD) analysis of the samples was performed on a Rigaku
Miniflex 600 diffractometer (Bragg—Brentano geometry) with Ni-filtered Cu Kot (A = 1.5418 A)
radiation and a LYNXEYE detector. Diffraction patterns were recorded in the 10-70° 26
range, with a step of 0.02° and collection time of 0.3 s/step. Structure models were obtained
from the Crystallography Open Database [42].

The Fourier-Transformed Infrared Spectroscopy (FTIR) spectra of samples were recorded
on an ALPHA IR Fourier spectrometer (Brucker) in the attenuated total reflectance (ATR)
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mode in the range of 400-4000 cm~! with a resolution of 1.5 cm~!. No ATR correction
was applied.

2.5. SAXS and SANS Analyses

SAXS measurements were carried out using a Xeuss 3.0 SAXS/WAXS system (Joint
Institute for Nuclear Research, Dubna, Russia) operating in point geometry and using a
GeniX 3D microfocus X-ray generator with Cu Ko (A = 1.54 A) in the 30 W/30 um mode.
The spectrometer was equipped with an Eiger2 R1 M mobile detector with a sensitive area
of 77.1 mm x 79.7 mm (pixel size 75 um). The measurements were carried out using three
distances from the sample to the detector (45, 400 and 4500 mm), in a vacuum at room
temperature, to obtain the differential cross section for small-angle scattering dZ(q)/d}
normalized to amorphous carbon (Glassy Carbon).

Small-angle Neutron Scattering (SANS) analysis of CaCO3; samples was performed
using a YuMO time-of-flight spectrometer at the IBR-2 pulsed reactor (Dubna, Moscow
region, Russia). Standard data acquisition time per sample was 40 min. Two ring wire
He3-detectors at distances of 4 m and 13 m from the sample position were used in our exper-
iments. The scattered intensity (differential cross section per sample volume) was registered
as a function of the momentum transfer modulus q = (47t/A)-sin(0/2), where 0 is the scatter-
ing angle and A is the incident neutron wavelength. An incident neutron beam distribution
provides an available wavelength range of 0.05 <+ 0.8 nm, which corresponds to a momen-
tum transfer range q of 7-10 — 2 + 5 nm~!. The raw data treatment was carried out by
the SAS program [Available online: https://zenodo.org/record/2561236#.YzqZInZByUk
(accessed on 29 May 2023)]. The measured SANS spectra were converted to the absolute
scale by normalization to the incoherent scattering cross section of the standard vanadium
sample. Additionally, the measured spectra were corrected considering scattering from
the setup and the direct beam, as well as the background. The final small-angle neutron
scattering curves are presented in the absolute scale with background subtraction.

Small-angle scattering data were fitted to the Beaucage model [43] describing the
transition from Guinier behavior to the power law regime for the fractal scatterers with the
gyration radii Rg:

d=(q) -9°R;\ B
a0 G- exp< 3 + ? + Line, where

q

is the transferred momentum magnitude, normalized to the error function.
Where appropriate, a unified approach [43] was used, assuming two-level hierarchy with
the larger scale level represented by Porod approximation for smooth surface scatterers

2R2 2R2
d= —q°R B —qa'R B
7(‘]) = Go'exp<q3 go) + <AZ +G> ~exp<q3g> + fT“ + Linc, where

q:

dQ

For the case of the volume fractal, the characteristic size of the fractal clusters R, was

1
calculated using the formula R = (%2)? - R,.
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3. Results and Discussion
3.1. Cell-Free System

In previous work [16], we have shown that bacterial extracellular DNA (eDNA)
found in the forming extracellular matrix (ECM) promotes the mechanism of calcium
carbonate biomineralization in the planktonic culture of B. cereus. We also hypothesized
that eDNA may be the scaffold for nascent calcium carbonate crystals, being a key player
in the complex interaction between the two processes. We demonstrated that in a cell-free
system, which was a culture supernatant of B. cereus taken at the point the mineralization
began, the addition of exogenous DNA with an excess of CaCl, (25 g/L) and urea (25 g/L)
accelerated biomineralization. However, such a high concentration of CaCl, did not allow
a reliable comparison of the results of experiments in cellular and cell-free media since it
was inhibitory for DNase (I), which was used to remove the eDNA from the formed ECM
during submerged cultivation of the bacterium. Consequently, in this work we used two
concentrations of CaCly and urea, (2.5 g/L (1xCaUr) and 25 g/L (10xCaUr)) to elucidate
the details of CaCO3 mineralization in the presence of exogenous salmon sperm DNA
(exDNA). The addition of exDNA was found to significantly affect the appearance of the
forming CaCOj3 (Figure 1), yielding a gelatinous-like volumetric precipitation of CaCOj3
distributed over the entire space in the vial (Figure 1a).

10xCaUr + exogenous DNA 10xCaUr

s’ o
A |
o.a’, ;
;1" ’ﬁ " | Precipitation without exDNA
, . ”‘xf", ’ *“
el

(a) (b)

Figure 1. Photo of precipitated calcium carbonate in a cell-free system after: (a) the addition of the
exogenous DNA; (b) without exogenous DNA.

Unexpectedly, the exogenous DNA only affected the rate of sedimentation and did
not affect the mass yield and sediment morphology (Table 1 and Figure 2).

Table 1. Exogenous DNA effect on yields and observed precipitation time in cell-free system.

Yield of CaCOj Precipitates, Observed Precipitation

Sample * Experiment Added CaCl,, g/L mg per 100 mL Time, min

10xCaUr Su(g;r;‘j‘f;rf Z‘)’(ig‘N‘Xea 25 17.9 5
10xCaUrcontr SuPemétggt /V{)ith urea 25 17.6 30

1xCaUr S‘(lggrg?g“i ‘g’ig‘l\‘;;ea 25 8.3 8
1xCaUTcontr Supemét;rg /“L’i)th urea 25 8.2 40

* The samples were obtained in the manner described in Section 2.2 of Materials and Methods.



Minerals 2023, 13, 740

60of 18

Figure 2. SEM images of calcium carbonate obtained in a cell-free system at a CaCl, concentration of
25 g/L: (a) 10xCaUr with the addition of exDNA (in the green window), (b) 10xCaUrcontr without
the addition of exDNA (in the blue window); and at a CaCl, concentration of 2.5 g/L: (c¢) 1xCaUr
with the addition of exDNA (in the pink window), (d) 1xCaUrcontr without the addition of exDNA
(in the yellow window).

Precipitates formed in the cell-free system 10xCaUr and 1xCaUr appeared to have a
similar morphology (Figure 2). Elevated concentrations of Ca and urea appeared to result
in denser and less porous precipitates. The size of the pores did not seem to depend on the
presence of exDNA and ranged from ca. 200 nm in 10xCaUr (Figure 2a,b) to about half a
micron in 1xCaUr medium (Figure 2c,d).

EDX analysis confirmed calcium carbonate as the major component of the precipitates,
together with a small amount of phosphorus at a ratio of about 50:1 (Ca/P) (Figure Al),
which cannot be unambiguously attributed to inorganic phosphate. The presence of
phosphate in the samples was not further detected by either FTIR or XRD. The possibility of
phosphate precipitation from the standard B4 medium, which contains organic compounds
with phosphorus (yeast extract, peptone), was estimated earlier [40] as highly unlikely.

On the scales below 100 nm, the structure of calcium carbonate precipitates obtained
in a cell-free system was further investigated by SAXS. The scattering of the precipitates
formed in a cell-free medium containing 25 g/L CaCl, in the region of momentum transfer
magnitudes above 0.02 A~ followed the power law dependency with the power exponent
of —3.2-—3.3, with transition to Guinier behavior in the lower momentum transfer range
(Figure 3). The data could be well fitted to a Beaucage model with a gyration radius
parameter of ca. 40 nm and a surface fractal dimension of 2.7-2.8. The presence of DNA
had some effect both on the fractal dimension (increase from 2.70 to 2.81) and the size
of the structures at the upper limit of the fractal regime (gyration radius decrease from
41 to 35 nm). The formation of precipitates under the conditions of the lower CaCl, and
urea concentrations had a significant effect on their mesoscale structure that exhibited
two levels of hierarchy, with the power law at the higher momentum transfer magnitudes
limited to the range above 0.2 A~!. The upper limit of the fractal regime decreased to
7 nm with DNA present and to 3 nm when precipitates were formed without DNA. The
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surface fractal dimension of the precipitate also decreased to 2.73 and 2.53, respectively.
While the data could be well described by the Beaucage unified scattering function for
two levels of hierarchy; the power law exponent on the larger scale (momentum transfer
range below 0.03 A=) could not be determined reliably. The simplest model of Porod law
assuming smooth surface interface (power law exponent —4) was therefore used for this
level, yielding the gyration radii of the larger-scale scatterers of 68 nm when DNA-induced
and 46 nm for self-precipitated.

R o 10xCaUr + DNA
= 10 o 10xcaur,,,,- DNA
a 10° O 1xCaUr +DNA
S 0 1xCauUr,,, - DNA
N 3
> 10
=
2
S 10
Qi
» 10
(99}
s 1
© 1
g 10
s L1 N
= 10
@
O -3
n 10

0.01 0.1 1
Momentum transfer g, A™

Figure 3. SAXS data for calcium carbonate precipitates obtained in a cell-free system at two
different concentrations of CaCl, and urea: 25 g/L with (green squares, 10xCaUr + DNA)
and without (blue circles, 10xCaUr-DNA) DNA induction, and 2.5 g/L with (pink squares,
1xCaUr + DNA) and without (yellow circles, 1xCaUr-DNA) DNA induction. Data fitted
to the unified scattering function (Beaucage model) with one and two levels of the hierar-
chy, respectively (see Methods). The fit parameters: 10xCaUrcontr-DNA — Rg =41.19 & 0.01 nm,
n=3.2991+ 0.0003, x*> = 122; 10xCaUr + DNA — R, =35.0 + 0.2 nm, n=3.186 + 0.003, x* =89;
IxCaUreontr-DNA —Rgo =45.6 £ 0.2nm, Rg = 3.06 = 0.04 nm, n = 347 + 0.04, X2 = 91;
1xCaUr + DNA RgO =684+ 0.1nm, Rg =7.2 + 0.1 nm, n=3.27 + 0.01, x2 =128.

The data obtained on the morphology and supramolecular structure of the precipitates
formed in a cell-free system indicate significant structural differences in CaCOj precipitates
obtained at different calcium concentrations, whereas the addition of DNA, while strongly
promoting the precipitation of CaCO3 (according to the kinetic data of Table 1), had little
effect on the morphology and only a small effect on the mesoscale structure of the sediment.

3.2. Structure of Precipitates Formed in Cell System

Unlike precipitation in a cell-free system, the biomineralization process in planktonic
B. cereus culture takes days to complete and leads to the formation of clusters of mineral
nanoparticles with embedded organic material (Figure A2). Both SEM and SAXS data
show that the calcium carbonate sediments obtained in the system of planktonic bacterial
culture B. cereus (Figure 4) differ from those formed during cell-free precipitation (Figure 2).
Moreover, the precipitates isolated and dried at different times of biomineralization show
different structural properties. The comparison of SAXS by precipitates formed after 5 and
14 days after the start of cultivation shows an increase in the gyration radius from 7 to 16 nm
and in surface fractal dimension from 2.69 to 2.84. In the 14-day samples, a small-scale
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cut-off for the fractal regime and transition to smooth surface scattering Porod law could
be observed in the large momentum transfer region (q > 0.3 A1), suggesting that by this
time the structure of CaCOj is predominantly crystalline with a minimal crystal size of
several nanometers.

-section d>/dQ, arb.u.

Scattering cross

4 o 10xCaUr, 5 days
10" o 10xCaUr,, 14 days

3 &

2

1

1.

T T T T T T T L L LN y I A (C)

0.01 0.1 1
Momentum transfer g, A*

Figure 4. SEM data for calcium carbonate precipitates obtained in a cell system within: (a) 5 days
of cultivation, (blue window) (b) 14 days of cultivation (black window); and SAXS data (c) for
calcium carbonate precipitates obtained in a cell system after 5 days and 14 days from the start of
culturing of bacteria. SAXS data were fitted to the unified scattering function (Beaucage model,
see Methods): 5 days (blue squares)}—Rg = 7.4 &+ 0.1 nm, n = 3.31 & 0.02, x2=52; 14 days (black
circles)—Rg =158 £+ 0.3nm,n=3.16 + 0.01, X2 =6.6.

Such fundamental differences in the supramolecular structure of precipitates deposited
in in vitro (cell-free) and in vivo (cell) systems are due to a large number of circumstances.
For example, the precipitation of calcium carbonate in a bacterial system occurs in a
dynamic environment (pH, ionic composition, etc. [16,19]) for much longer and with the
participation of high-molecular compounds of the extracellular matrix [13,33] and bacterial
cell walls [44]. We assumed that the development of the supramolecular and crystalline
structure in the in vivo system would differ significantly from the in vitro system, and
therefore tested this hypothesis by describing the evolution of the structure of CaCO3
minerals precipitated in a cell-free bacterial medium.
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To study the evolution of the crystalline and supramolecular structure of calcium
carbonate sediments deposited by the planktonic culture B. cereus, we relied on the ki-
netic growth curve (Figure 5, blue graph with stripes) and the dependence of the pH of
the medium (concentration of urea and Ca%* 25 g/L — 10xCaUr) on cultivation time
(Figure 5, red graph with circles). In Figure 5, the black dotted line marks the growth point
at 30 h, which corresponds to the precipitation of CaCOj in the bacterial medium (crossing
with the blue graph) and the pH of the culture medium reaching a plateau of 7.5 (crossing
with the red graph) (detailed description of the precipitation process CaCOj3 [16].

=== OD600
= pH

OOJOOOOOOOOOOOOOOO
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o 000000000000 0000O00O0 0000000000000 DQJ
84 POOQOO0DO0O0O0Q0000000O00QI000000C000000C000 pH
) 000000000000 000000@O00D0000O0DO000000DQJ
03 ’0000-')O000OOO0000001000000000000000
000000000000 00C0000QPOCOODOO0DO0OODOO00OO0D00D(
2 POOOODOO0ODO0DO0O0D0O0O00D00O0D0OIDOOO0DO0DO0O0D0O0O00O0D0O0O00O0O0O
000000000000 000000¢®O0O00D00D0HODO0DO0D000O0DAQJ
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. /|

T T T T

10 20 30 40 50
Time of cultivation (h)

Figure 5. Time-dependence of: BLUE WITH STRIPES: the bacterial biomass growth: RED WITH
CIRCLES: the medium acidity during the incubation of B. cereus 4B in the 10xCaUr . medium (with
an excess of calcium and urea ions).

In our previous work [16], we studied the morphology and polymorphic composition
of precipitate samples precipitated for 30 h and 72 h on the cultivation of the B. cereus
bacterium by FTIR, XRD and SEM methods. In this work, we used an extended range of
physical methods to describe the supramolecular structure of minerals (SANS and SAXS),
and also increased the observation time for the evolution of crystals to 14 days.

3.3. Evolution of Structure of CaCO3 Precipitates in Cell System

Samples with CaCOj sediments obtained during the growth of the planktonic bac-
terium B. cereus in a B4_CaUr (10xCaUr;) medium for 14 days were analyzed by FTIR,
XRD and SEM methods (Figure 6). On the FTIR spectra of all samples (30 h, 72 h, 9 days and
14 days), intense absorption bands of the carbonate ion (CO3%~), OH groups and water [45]
(Figure 6a) are easily distinguishable. Low-intensity bands with maxima at 1800 and
2500 cm™! can be attributed to the composite vibration frequencies of the carbonate ion or
amine impurities [46] remaining from the urea decomposition products.

In all samples, intense bands CO3%~ (~710, ~870 and ~1400 cm ') corresponding to
the calcite phase in the obtained samples are also observed. Moreover, the presence of a
v; valence band of CO3%2~ (~1080 cm™1), which is not infrared active in calcite, indicates
the presence of small impurities of aragonite (1083 cm ') [47], vaterite (1089 cm~!) [47] or
amorphous calcium carbonate (1075 cm 1) [48,49] in the studied calcite samples. A band
with a maximum of ~750 cm™ was only found in the spectrum of the 30 h sample, which
indicates the presence of vaterite [18,49] in its composition. To estimate the ACC content of
our calcite samples from FTIR data, we used the technique used in the literature [48,50-53].
Because ACC does not have a v4 absorption band around 712 cm ! and has a broad v,
absorption pattern around 875 cm !, the ratios of the maximal intensities of the v, and v,
absorption peaks (Iv,/Ivy) should be higher for ACC-contained calcite than those of pure
calcite. For a pure calcite, the Iv, /Iv4 ratio is 3.0 and the value increases with increasing
ACC content in calcite. Correspondingly, this ratio increased in a series of samples: 14 days,
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9 days, 72 h and 30 h after inoculation, and reached a maximum for the sample at 30 h.
According to Beniash et al. [50], it is very difficult to estimate even semi-quantitatively the
calcite/ ACC ratio, as the ACC absorption coefficient of the v, band at 860-870 cm ™! is
much less than that of calcite at 875 cm !, and the ACC band is also much broader than the
calcite peak. Alternatively, the observed trends (Figure 6a) could be due to the presence of
intermediate transformation phases between the amorphous and crystalline end members.
Thus, the data of FTIR spectroscopy are in good agreement with the known model of the
transformation of calcium carbonate polymorphs [18], and are also consistent with our
previous studies [16] regarding the formation of calcium carbonate polymorphs during
biomineralization induced by B. cereus.
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Figure 6. Analysis of CaCOj3 precipitates formed during B. cereus inoculation in a media 10xCaUr gy
medium for 14 days: (a) overall FTIR spectra of precipitates at different growth times; it can be seen
in the inset that the region of spectrum shows a decrease in the amorphous phase content in the
samples, the loss of the vaterite peak (750 cm~1) after 72 h and an increase in the calcite phase peak
(710 cm~1) in the samples over time; (b) X-ray diffraction patterns of the samples show changes in
the calcium carbonate polymorphs’ distribution during the growth of B. cereus: after 30 h, a noticeable
amount of vaterite was found, around 10% of the total calcium carbonate crystals’ content, and the
vaterite phase gradually turned into calcite; after 72 h of incubation no vaterite peaks were detected;
(c): The change in the SEM topology shows a near tenfold increase in the spherulites’ size (from 50 to
500 microns) over the period discussed due to the adhesion of several individual particles (blue and
violet arrows), with the disappearance of the amorphous phase (green arrow) around the crystalline
particles and traces of bacteria (red arrows).

X-ray diffraction analysis (Figure 6b) revealed changes in the distribution of CaCOj3
polymorphs during the growth of the B. cereus. Thus, in the sediments precipitated from
the culture liquid after 30 h, a noticeable amount of vaterite was found, which is about
10% of the total content of calcium carbonate crystals. Subsequently, the vaterite phase
gradually transformed into calcite, so that vaterite peaks were no longer detected in the
samples taken more than 72 h after inoculation. The accumulation of the calcite phase
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was accompanied by the disappearance of ACC, which was detected by scanning electron
microscopy (Figure 6¢). Then, 30 h after inoculation, small spherulites (50-70 pum in size)
with traces of bacterial cells on their surface were located among the amorphous phase, as
can be seen in the micrographs of the samples (Figure 6¢: upper left image). After 72 h of
cultivation, the inorganic precipitates increased in size, reaching a structure with an average
diameter of 300 to 500 pm (Figure 6¢: lower left image). Notably, the finer sediments had
a better crystal structure than their 30 h predecessors. During the subsequent period, the
precipitates hardly increased in size, their structure looked crystalline and their amorphous
medium completely disappeared (Figure 6c: right).

To further analyze the evolution of the structure of precipitates on the mesoscale, we
performed a series of SANS measurements of the CaCO3 samples taken between 1 and
14 days from the start of cultivation of bacteria B. cereus. Figure 7 shows the experimental
log-log plot of neutron scattering cross sections versus the momentum transfer. Similarly
to SAXS data, the SANS spectra exhibited Guinier regime at low momentum transfer
magnitudes, transitioning to the fractal regime above 0.02 A~!. The power exponent for
the fractal regime varied between 2.64 for the amorphous CaCOj3; samples taken after the
first day of bacterial culture, to 2.82 by the end of the mineral formation. SANS data
indicated that the CaCOj3 precipitate was in the form of mass fractal aggregates, thus
showing different structural properties as compared to SAXS, possibly due to the different
contrasts of the content and the surface layer of the material.
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Figure 7. Small-angle neutron scattering from CaCO3 samples obtained during 14 days of culturing
bacteria. Data is offset for clarity and fitted to Beaucage model.

Figure 8 shows the dependencies of the fractal dimension (Figure 8a) and R, (Figure 3)
on the growth time of crystals within 14 days. The precipitates containing amorphous
CaCOs in the form of fractal aggregates were detected as early as 24 h of bacterial growth.
The transformation of CaCO3 polymorphs along the ACC-vaterite-calcite pathway was
observed over 14 days and was accompanied by an increase in the characteristic size of the
fractal clusters observed from 30 to above 40 nm, and by an increase in the dimension of
the mass-fractal from 2.63 to 2.82.
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Figure 8. SANS data of CaCOj3 samples obtained during 14 days of culturing bacteria (a) dependence
of the fractal dimension on the growth time of crystals within 14 days; (b) dependence of the R. on
the growth time of crystals within 14 days.

3.4. Effects of DNA Removal during Biomineralization on CaCQO3 Structure and Morphology

Earlier reports on the participation of extracellular DNA in the process of biominer-
alization, as well as the results obtained in cell-free system (Section 3.1), prompted us to
check how DNA influences the structure of calcium carbonate during biomineralization
in cell culture. To do this, we conducted an experiment with the addition of the DNase
enzyme, which excluded the DNA component from the extracellular matrix and reduced
the volume of biomineralization sixfold (for details, see [16]). DNase (I), which was used to
remove the eDNA component in the extracellular matrix [16], had activity only at a urea
concentration of 2.5 g/L. Therefore, all experiments using DNase (I) were carried out at a
urea and calcium concentration of 2.5 g/L. We performed SEM and SAXS measurements of
the precipitates formed after 5 days of biomineralization at these concentrations of CaCl,
and urea in the culture medium (Figure 9). In contrast to the results obtained in a cell-free
system, we observed little effect of ten-fold CaCl,, and the urea concentration decreased on
both the structure and morphology of the precipitates. Only a small increase in the surface
fractal dimension (2.75 vs. 2.69) was observed. SAXS spectra also showed a pronounced
small-scale cut-off of the fractal regime at q ~ 0.3 A1, similar to that seen in samples taken
after 14 days in 10xCaUr medium (Figure 4), suggesting that at the lower CaCl, and
urea concentration both the transformation of CaCOj3 along the crystallization pathway
and crystal growth may occur faster.

10xCaur,,, S days
1xCauUr,,, 5 days

o0

Scattering cross-section dZ/dQ, arb.u.

- d

0.01 0.1
Momentum transfer g, A*

G

Figure 9. Structure and morphology of CaCOj3 samples obtained during 5 days of culturing bacteria:
(a) SEM image of the morphology of calcium carbonate precipitates obtained by cultivating B. cereus in
1xCaUr ) medium (the concentration of urea and calcium reached 2.5 g/L) after 5 days; (b) SAXS data
of precipitates obtained during biomineralization of B. cereus in 1xCaUr; medium (the concentration
of urea and calcium reached 2.5 g/L) after 5 days (black diamonds). The corresponding data (Figure 4)
for 25 g/L (10xCaUr,) concentrations) are shown for comparison (blue squares). Data were fitted to
the unified scattering function (Beaucage model, see Methods), Rg=7.3+04nm,n=3.25+0.04,
x2 = 343.
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The morphology of crystals formed in a medium with bacterial cells and an excess of
calcium and urea at a concentration of 2.5 g /L (1xCaUr,) control) after 44 h of growth of the
planktonic culture of B. cereus is shown in the SEM image in Figure 10a. The agglomerates
had a similar size to the samples obtained with a calcium and urea content of 25 g/L, as well
as a similar crystal surface morphology (Figure A3). These observations were confirmed
by FTIR spectroscopy in a previous work [16], where it was shown that in the sample
without the addition of DNase, by 44 h a predominant calcite phase was observed with
an admixture of amorphous calcium carbonate. On the other hand, SAXS measurements
(Figure 10c, blue squares) showed that at this time point of biomineralization the structure
of CaCOj; on the scales below 100 nm was different than the mature 5-day sediments
formed in either 1xCaUr .y or 10xCaUrp media, and that precipitates formed in cell-free
system, in particular, exhibited much lower surface fractal dimension (ca. 2.3).

20 pm

1xCaUr, control
1xCaUr,, +DNase

0.01 0.1 1
Momentum transfer g, A*

Figure 10. Effect of DNase on CaCOj3 precipitates: (a) SEM image of the morphology of calcium
carbonate precipitates obtained by cultivating B. cereus in 1xCaUrgy control medium (the con-
centration of urea and calcium reached 2.5 g/L) 44 h (blue window); (b) SEM image of the mor-
phology of calcium carbonate precipitates obtained by cultivating B. cereus in 1xCaUr,.p + DNase
medium (the concentration of urea and calcium reached 2.5 g/L) 44 h (green window); (c) SAXS
data of precipitates obtained during biomineralization of B. cereus in 1xCaUr medium (the concen-
tration of urea and calcium reached 2.5 g/L) with DNase (I) (green circle) and without DNase (blue
square) for 44 h. Data were fitted to the unified scattering function (Beaucage model, see Methods),
Rg=94+0.2nm, n=370=+0.02, x2 = 1.2 (1xCaUry; control); Rg=6.3+0.1nm, n=3.42+0.02,
%% =2.2. (1xCaUrq + DNase).
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When DNase (I) is added to the culture medium, the amount of formed minerals in
the mass yield decreases by a factor of 6, but a precipitate still forms. Figure 10b shows a
SEM image of the morphology of a precipitate formed in a medium with bacterial cells
supplemented with DNase (I) — 1xCaUr.; + DNase. The typical sizes of agglomerates
(according to SEM) formed in the medium with DNA and with DNA removal using DNase
(I) are similar and are about 100-250 um by 44 h of cultivation of B. cereus in planktonic
culture. However, morphological differences are observed in part of the surface of the
agglomerates, which in the case of minerals formed with the addition of DNase is much less
ordered and amorphous (Figure 10b, inset) than in the sample where the DNA component
was not removed (Figure 10a, inset). The FTIR data indicate [16] that during the formation
of precipitates in the absence of DNA, the polymorphic composition of the sediment is
very different from that of the control sample and contains many impurities of amorphous
calcium carbonate, water and vaterite. The SAXS data (Figure 10c, green circles) also
suggests DNA removal had a significant effect on the surface fractal dimension and the
upper size limit of the fractal structures in precipitates, 2.58 and 6.3 nm, respectively,
which under these cell system conditions became closer to the values observed in the
cell-free system.

Thus, unlike the cell-free system, in the cell system the presence of extracellular DNA
appears to have a substantial effect on the supramolecular structure of precipitates formed
during the first days of biomineralization.

4. Conclusions

The results of this study confirmed that the pathway of polymorphic transformations
from amorphous calcium carbonate to vaterite and, further, to calcite, could be universal
for both cell-free systems and the system with bacterial cells, and does not depend on the
concentration of Ca?* and urea. At the same time, the morphology and the mesoscale
structure of the CaCOj3 sediments formed in cell-free and bacterial systems are different,
and appear to vary greatly depending on time, medium composition and, in the latter case,
on the presence of eDNA in the ECM.

While DNA appear to strongly accelerate the rate of calcium carbonate precipitation in
both cell-free and bacterial systems, its effect on the structural properties of the precipitate
was only observed in bacterial culture, where it also had an effect on the polymorphic
composition of the sediment, underlining the key role of eDNA in the formation of CaCOs3
precipitates and their evolution throughout the biomineralization process.
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Appendix A
Spectrum C (@) P Ca
Spectrum 1 38.61 50.44 0.23 10.72
average 38.61 50.44 0.23 10.72
Standard deviation 0.00 0.00 0.00 0.00
Max. 38.61 50.44 0.23 10.72
Min. 38.61 50.44 0.23 10.72
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Figure A1. EDX data for calcium carbonate sediments precipitated in a cell-free medium.

Figure A2. SEM images of precipitations CaCOj3, bacterial cells and ECM obtained by cultivating
B. cereus in 10xCaUr medium (the concentration of urea and calcium reached 25 g/L) for 10 days.

Figure A3. SEM images of precipitations obtained by cultivating B. cereus in 10xCaUr medium (the

concentration of urea and calcium reached 25 g/L) for 48 h.
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