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This paper reports the effects of rhamnolipids presence in the alginate hydrogel and CO% solution, on the pre-
cipitation of CaCOs in the Ca®* loaded alginate hydrogel. Characteristics of the formed particles are discussed.
Model conditions containing alginate hydrogel and rhamnolipids were used in order to mimic the natural
environment of biomineralization in biofilms. It has been shown that rhamnolipids affect the characteristics of
precipitated calcium carbonate effect of using these biosurfactants depends on their concentration as well as

whether they are directly present in the hydrogel matrix or the carbonate solution surrounding the hydrogel. The
greatest effect compared to the control samples was found for the rhamnolipids in the form of micelles directly
present in the hydrogel with the CaCly cross-linked solution at concentration of 0.05 M. These conditions result in
the highest increase in vaterite content, specific surface area, and pore volume. The mechanism of CaCO3 pre-
cipitation in alginate hydrogel containing rhamnolipids has been proposed.

1. Introduction

Biomineralization is a multistage process carried out by living or-
ganisms. It includes the selective capture of individual components from
the local environment and their transformation into crystal structures
under specified biological control. Therefore, this process is a conse-
quence of cellular activity that allows for physicochemical changes
necessary for crystal growth and formation of biominerals [1-3]. Bio-
minerals are minerals with the co-existing organic phase. The occur-
rence of the organic matrix is caused by its passive and active
participation in the formation of biominerals, and then its gradual
incorporation into the structure of the growing skeleton. Passive
participation consists in creating a space in which the solution is su-
persaturated relative to the ions involved in the biomineralization, while
the active participation is caused by structural and chemical interactions
that promote the formation of biominerals with specific properties [4].
In order to produce minerals, living organisms create a microenviron-
ment in which crystal growth with species-specific morphology is
possible. The driving force of the crystallization process is the
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supersaturation of the solution. Thus, the first stage of biominerals
crystallization is the dissolution of individual ions in the solvent, or their
passage to the solvent, which may be the body fluid of the living or-
ganism or, in the case of bacteria, the external environment. A super-
saturated solution is then created, followed by nucleation and crystal
growth. The first two stages depend mainly on the solubility product of
the salt that forms the crystal structure. Nucleation and crystal growth
up to the given polymorphic form are more complicated in the biological
systems. The concentrations of individual ions, as well as the content of
organic and inorganic components in such microenvironment, are
values that change rapidly over time, making their measurements very
complicated. For this reason, in the case of biomineralization, references
are made to the basic mechanisms of crystal formation in simple
non-biological systems that are well known and characterized. There-
fore, an important source of knowledge about the mechanism of bio-
mineralization are the in vitro studies [2].

Calcium carbonate is one of the most common compound used by
living organisms to produce mineral structures. There are three anhy-
drous polymorphic forms of calcium carbonate i.e. calcite, aragonite,
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and vaterite. The most thermodynamically stable, and hence the most
common form, is calcite [5]. Its crystals most often take rhombohedral
and scalenohedral forms, while the aragonite crystals usually occur in
orthorhombic form. Both calcite and aragonite are usually mono-
crystalline particles. However, the least thermodynamically stable
vaterite crystallizes in the form of polycrystalline spherical particles,
which an aqueous solutions slowly dissolve and recrystallize to the other
two more stable polymorphs [6,7]. Below 40 °C, the conversion occurs
to the most thermodynamically stable calcite, while at higher temper-
atures vaterite is transformed into aragonite [8]. As a result of the lower
thermodynamic stability, aragonite and vaterite are less common as
natural minerals compared to calcite. However, in biological systems,
these polymorphs can nucleate and grow stably. The mechanism of
interaction between calcium carbonate polymorphs and complex
organic matrices is of interest to scientists from various fields. This is
because organisms use macromolecular matrices such as poly-
saccharides, proteins, and acidic biomacromolecules, or amphiphilic
complexes, to modulate the formation of inorganic minerals [9,10]. The
addition of these molecules to the reaction system results in the for-
mation of particles with different morphologies, sizes, and polymorphic
compositions [11].

Interesting compounds that may have a potential influence on the
biominerals production are biosurfactants because they contain func-
tional groups that can bind to metal ions and the surfaces of mineral
particles in aqueous solutions [12,13]. These biomolecules play a sig-
nificant role in the mobility and formation of biofilms by bacterial cells
and they also increase the solubility and bioavailability of hydrophobic
compounds. The most numerous group of organisms capable of syn-
thesizing biosurfactants are microorganisms, mainly bacteria and yeasts
[14]. In the literature, research on certain biosurfactants, such as sur-
factin lipopeptide [15-17] and phospholipids [18-21], for calcium
carbonate precipitation can be found. Despite the intensive research on
the CaCOj3 precipitation in the context of biomineralization, mono- and
di-rhamnolipids have not been used as additives to the precipitation
system until now. These biosurfactants are classified as glycolipids and
consist of a mono- or disaccharide molecule connected by a glycosidic
bond with a fatty acid. Rhamnolipids contain one or two rhamnose rings
connected to p-hydroxydecanoic acid and they are synthesized mainly
by Pseudomonas aeruginosa.

Biomineralization carried out by microorganisms is an ubiquitous
process that occurs in almost all natural environments [22]. According
to numerous studies, at least 200 types of bacteria are involved in the
calcium carbonate biomineralization, including Pseudomonas [23]. Mi-
croorganisms produce a variety of metabolites that change the chemical
composition of the biofilm and the surrounding environment, leading to
favorable conditions for the precipitation of carbonate minerals. It has
also been shown that biofilms of heterogeneous structure with aggre-
gation of attached microorganisms to the surface of cells play a signifi-
cant role in the biomineralization process [24]. Furthermore, it was
found that biomineralization usually occurs in biofilms [24]. Bacteria
produce biofilm substances, such as alginate [25], having negatively
charged functional groups. These groups act as the CaCO3 nucleation
centers by attracting calcium ions, which result in their accumulation.
Furthermore, there is a literature evidence on the relationship between
rhamnolipids and bacterial biofilm. According to Davey et al. [26],
rhamnolipids are responsible for maintaining the functionality of
transport channels and affect the structure of the biofilm [27]. In
addition, these biosurfactants induce the breakdown of bacterial bio-
films and also affect their structure during the early stages of formation
and subsequent maturation [28]. Therefore, even though it has not been
shown that rhamnolipids occur directly in the structure of biominerals,
their presence in the reaction environment may have an impact on the
calcium carbonate biomineralization process and the characteristics of
the crystals obtained.

Studies available in the literature do not concern the impact of
rhamnolipids on calcium carbonate precipitation. This work aims to
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determine the effect of rhamnolipids present directly in alginate
hydrogel and in the CO% solution on the CaCO3 precipitation taking
place in the Ca?* loaded alginate hydrogel, and on the characteristics of
formed particles. The environment contains alginate hydrogel and
rhamnolipids was used as a model matrix because alginate and rham-
nolipids are produced by Pseudomonas in biofilms [25]. The proposed
reaction conditions mimic the natural environment of biomineralization
in biofilms. The results of these studies allow to determine the conditions
conducive to the formation of the crystalline phase in conditions similar
to those occurring in the biofilm.

2. Materials and methods
2.1. Materials

Sodium alginate (Sigma-Aldrich, a viscosity of 1% wt. solution in
water at 25 °C: 5-40 mPa-s, M/G ratio: 1.56), anhydrous calcium
chloride (>99.9%, POCH, Poland), anhydrous sodium carbonate
(>99.9%, POCH, Poland), commercial rhamnolipid biosurfactant (R90,
90% purity, AGAE Technologies LLC, Corvallis, OR, USA), methanol
(>99.9%, POCH, Poland), di-sodium wersenate, standard solution 0.1
mol/L (>99.9%, Chempur, Poland), buffer solution pH 10 + 0.05
(>99.9%, Chempur, Poland), eriochrome black T (>99.9%, Chempur,
Poland). Reagents were used without further purification. All solutions
were prepared using distilled water.

2.2. CMC determination

The critical micelle concentration CMC values of rhamnolipids in
0.15 mol/L NayCO3 aqueous solution and in 2%wt. alginate aqueous
solution at room temperature (22 °C) were determined by measuring the
surface tension using a K11 tensiometer (KRUSS, Hamburg, Germany).
The rhamnolipids concentration range was from 10~ to 10% mg/m® and
each measurement was made in triplicate, and the average was calcu-
lated. A surface tension curve versus the decimal logarithm of the bio-
surfactant concentration was made, from which the CMC value was
determined by extrapolating to the cross point of linear relationships
from the area of low- and high-concentration [29,30].

2.3. Hydrogels preparation

Alginate hydrogels were prepared by ionic cross-linking of sodium
alginate using aqueous solutions of CaCly with various concentrations of
0.05, 015, and 0.25 mol/L. Solutions of sodium alginate in distilled
water (10 g per 0.5 L of water) were prepared with and without the
addition of rhamnolipids. The biosurfactant concentrations were above
CMC, equal to CMC, and below CMC. The alginate solutions were poured
into the dialysis membrane (VISKING® dialysis tubing made from re-
generated cellulose, pore diameter ca. 25 A, MWCO 12 000-14 000) and
placed in the CaCl; solution for 120 h. Samples (0.002 L) of the CaCly
solution were collected after 0, 12, 24, 36, 48, 84 and 120 h of cross-
linking to determine the concentration of Ca®* ions by com-
plexometric titration with EDTA. The hydrogels that were used as a
calcium ion sources for the precipitation of CaCO3 were ionically cross-
linked as described above for 24 h.

2.4. CaCO3 precipitation

The single diffusion solution phase reactant method, characterized
by mild precipitation conditions, mapping the process of biominerali-
zation in living organisms, has been used to precipitate calcium car-
bonate. Alginate hydrogels crosslinked with calcium ions were pulled
from the dialysis membrane and rinsed with distilled water. The
hydrogels were then placed in an aqueous 0.15 M NayCOs solution and
left for 3 days to precipitate calcium carbonate. Precipitation was car-
ried out with the use of hydrogels containing rhamnolipids and pure
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NayCOg3 and with the use of pure hydrogels and Nay;COj3 solution with
the addition of rhamnolipids with a concentration below CMC, equal to
CMC and above CMC. The pH of the reaction mixture during the pre-
cipitation process was in the range of 10-10.5. After 3 days, the obtained
CaCOg particles were filtered, washed with methanol, and dried at 90 °C
for 24 h (Fig. 1).

2.5. Particles characterization

The conventional powder X-ray diffraction technique (XRD) with Cu-
Ka radiation was applied using the MiniFlex 600 diffractometer (Rigaku,
Tokyo, Japan) to characterize the polymorphic composition of precipi-
tated CaCO3. XRD analysis was carried out at room temperature, 26
angle range of 20-80°, and at a scan rate of 0.2°. To identify the types of
chemical bonds, Fourier transform infrared spectroscopy (FT-IR) was
applied using the Nicolet 8700 Spectrometer (Thermo Scientific, Wal-
tham, MA, USA). The attenuated total reflection (ATR) method was
used. Spectra were registered from 4500 to 524 cm ™ * at 2 cm™! reso-
lution using air as the background. A thermogravimetry analysis (TGA)
was performed to determine whether there are organic residues in the
samples. TGA was carried out on approximately 10-15 mg of powder,
using Netzsch TG 209 F3 Tarsus® (Selb, Germany) thermobalance in
nitrogen (40 ml/min purge gas, 20 ml/min protective gas) up to 900 °C
with a heating rate of 5°/min. Before the experiment, a blank run on an
empty crucible was undertaken to take to account the buoyancy and
thermal drift of the thermobalance. The specific surface area and pore
size of the CaCOs particles obtained were determined using the
Brunauer-Emmett-Teller (BET) method and were evaluated from the
adsorption-desorption isotherms of liquid nitrogen (77 K) detected
using the Gemini V Surface Area Analyzer (model 2365, Micromeritics,
Norcross, GA, USA). Before measuring, the samples were dried and
degassed for 2 h at 200 °C. Specific surface areas were calculated using
the BET linear equation in the approximate relative pressure (p/po)
range of 0.05-0.3. The total pore volume was evaluated from the
amount of adsorbed nitrogen at p/po = 0.995 (the last adsorption point).
The size of precipitated particles was determined by a laser diffraction
method using the Mastersizer 2000 analyzer (Malvern Panalytical Ltd.,
Malvern, United Kingdom) equipped with a standard dispersion units
Hydro 2000MU with an ultrasonic probe supporting the breaking of
agglomerates. The particle diameter measurement range was between
0.02 and 2000 pm. To characterize the morphology of the CaCO3 par-
ticles obtained, a FEI Quanta FEG 250 scanning electron microscope
(SEM) equipped with an Large Field Detector (LFD) secondary electron
detector at low vacuum conductions (FEI, Hillsboro, OR, USA) was
applied.

IONIC

CROSS-LINKING CUTTING

24h
Alginate hydrogel
loaded with Ca?* ions

Alginate solution in dialysis washed with water
membrane placed in CaCl,

aqueous solution

WASHING AND

FILTRATION PRECIPITATION

72h T —
=
Alginate hydrogel loaded with

Ca?* jons placed in 0.15 M
Na,CO; aqueous solution

CaCO, powder

Precipitated CaCO; in
Na,CO; aqueous solution

Fig. 1. Scheme of the experimental methodology.
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3. Results and discussion
3.1. CMC of rhamnolipids

The dependence of the surface tension on the concentration of
rhamnolipids was determined for the solutions with the addition of
0.15 mol/L NapCOs and 2% wt. alginate, which corresponded to the
concentrations of the additives used in this work (see Fig. 2). The most
diluted solution of RLs and Na,CO3 had surface tension values of 58.9
mN/m, and the RLs and alginate solution of 68.6 mN/m. As the con-
centration of RLs in the solution increased, the surface tension decreased
to a value of 28.7 mN/m in the presence of sodium carbonate and a value
of 29.9 mN/m in the presence of alginate. Moreover, in the case of so-
lutions with alginate, the course of the dependence of the surface tension
on the rhamnolipid concentration shows an additional lowering of sur-
face tension at rhamnolipid concentrations of about 0.3 mg/L. Similar
results were obtained for cationic surfactants in the presence of alginate
[311.

The breakpoint in the y = f (log C) plot is related to the formation of
micelles, and the determined critical micellar concentration was
33.11 mg/L for measurements with Na;CO3 and 421.7 mg/L with algi-
nate, respectively. Since rhamnolipids are metabolites produced by
microorganisms, they are usually a mixture of mono- and di-
rhamnolipid homologs [32]. Therefore, the measured results of the
critical micellar concentration and the minimum surface tension re-
ported for the rhamnolipid solutions are very diverse. The range of re-
ported CMC values is between 4 and 420 mg/L [33,34], while the
surface tension reaches values between 25 and 36 mN/m when the CMC
is exceeded [32,34,35]. Although ikizler et al. [36] showed that the ratio
of di-RLs to mono-RLs slightly influenced the CMC value. However, the
CMC values depend on the pH of the solution and the presence of
electrolytes. An increase in pH results in an increase in the concentration
at which micelles are formed [35,37]. This is related to the pKa values of
rhamnolipids (pKa=5.9 mono-RLs [38] and pKa= 5.6 for di-RLs [35]),
therefore at higher pH, the rhamnolipids molecules are negatively
charged and the association into micellar aggregates is more difficult
[35,38]. However, the addition of electrolyte decreased the CMC value
in the slightly alkaline solutions, significantly [38]. In this work, the
obtained CMC value for measurements in the presence of NayCOs is
lower than in the case of aqueous solutions without additives, when

80

—=—0,15M Na2CO3

70 —a—2%wt. alginate

60

50

40

Yy [mN/m]

30

20 -

10 -

0 r T T T T T
0 1 2 3 4 5 6 7
log c

Fig. 2. Surface tension function versus the decimal logarithm of the rhamno-
lipids concentration at room temperature in 0.15 mol/L Na;CO3; and 2%
wt. alginate.
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CMC was 43.21 mg/L [39]. Although the addition of NayCOs raises the
pH to 11.75, the increase in the ionic strength of the solution has a
greater effect on the CMC value. In contrast, the CMC value is much
higher when the alginate was an additive. This is probably because the
addition of alginate impedes the formation of agglomerates. A similar
value was obtained for crude rhamnolipids (CMC = 420 mg/L) [34],
then most likely the medium components bound to the RLs molecules,
hindering the formation of micelles.

3.2. Changes of Ca®* concentration during ionic cross-linking of
hydrogels

The carboxyl and hydroxyl groups present on the surface of the
organic matrix provide abundant Ca®* ion binding sites [47]. Thus, the
ionic cross-linking of sodium alginate, which in turn leads to the for-
mation of a hydrogel, takes place through the gradual exchange of so-
dium ions with calcium ions and is readily accomplished by placing an
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alginate solution in a calcium chloride solution. Then, monovalent Na™
ions that interact with only one carboxyl group of the alginate changed
into divalent Ca" ions that interact with two carboxyl groups. Based on
data from the literature, CaCly concentrations of 0.05, 0.15, and
0.25 mol/L were applied in this study. The ion cross-linking of alginate
hydrogels was performed with and without the addition of rhamnolipids
(RL) using selected concentrations of CaCly, and the changes in the
concentration of Ca?* ions during this process were measured. Fig. 3
presents Ca2t concentration versus time of ion cross-linking curves for
all used CaCly and rhamnolipid concentrations and the percentage
consumption of calcium ions depending on cross-linking time.

The concentration of calcium chloride affects both the physical and
mechanical properties of the hydrogels and the rate of cross-linking
[48]. Using too low a CaCly concentration results in obtaining very
soft and incompletely solidified hydrogels. However, too high a con-
centration of Ca®" jons leads to a very fast cross-linking on the surface of
the hydrogel, which hinders the diffusion of divalent ions to deeper
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Fig. 3. Ca®" concentration (--ll--) and percentage Ca®>" consumption (—e—) versus ion cross-linking time curves for different RLs concentrations depending on the

CaCl, concentration: (a) 0.05 M, (b) 0.15 M, and (c) 0.25 M.
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layers. As a consequence, selecting too high a CaCl, concentration leads
to the formation of heterogeneous hydrogels, which are very hard on the
outside and very soft on the inside. This is confirmed by the results of the
percentage consumption of Ca2t ions. The higher the concentration of
CaCl, in the tested range, the lower the consumption of calcium ions
during crosslinking for 12 and 24 h. However, after 120 h, higher Ca®*
consumption is observed in the case of using 0.25 M CaCl, compared to
0.15 M. In the graphs presented in Fig. 2 it can be seen that during
cross-linking in 0.25 M CaCl, solution, the decrease in calcium ion
concentration occurs slower than in lower concentrations, which is
caused by faster hardening of the gel on the surface and hindering the
diffusion of ions into the hydrogel. However, the concentration is not too
high because further cross-linking up to 120 h results in a continuous
decrease in the value of Ca>" concentration, which shows that diffusion
occurs throughout this period. According to observations during the
experiments, it can also be stated that the concentration of 0.05 M is too
low because, despite the almost complete consumption of the calcium
ions present in the solution, low-density hydrogels are obtained. More-
over, rhamnolipids present in the hydrogel can bind metal ions [49,50].
These biosurfactants interact with the hydrophobic part of the alginate
copolymer chains, and then the hydrophilic groups of adsorbed bio-
surfactant molecules create additional calcium ion trapping sites.
Therefore, for higher concentrations of rhamnolipids, it is possible to
introduce more calcium ions that cross-link the alginate molecules.

3.3. CaCOgs particles characterization

3.3.1. Polymorphic composition

The X-ray diffractograms of calcium carbonate obtained with the use
of a hydrogel containing rhamnolipids and an aqueous solution of
NayCOg3 with the addition of biosurfactant are presented in the Supple-
mentary Materials in Figs. S1 and S2, respectively. The characteristic
sharp peaks of calcium carbonate in the form of calcite and vaterite are
visible in the XRD patterns. This proves the only crystalline phase in the
obtained samples. When the samples contain amorphous calcium car-
bonate, the resulting XRD pattern has a characteristic jagged course
[51]. Based on the data obtained and using the method [52] applied in
the previous works [53-55], the percentage of vaterite content in the
samples was calculated. Fig. 4 presents graphs showing the percentage
vaterite content values depending on the concentrations of rhamnolipids
and CaCls.

In the case of the control samples without the addition of rhamno-
lipids, the following relationship is visible: the higher the CaCl; con-
centration, the higher the vaterite content in the precipitated CaCOs3.
The same trend can be seen for all other series of experiments using
different concentrations of rhamnolipids, except for the series of pre-
cipitations with a hydrogel containing RLs above the CMC concentra-
tion. Then, an increase in CaCl, concentration results in a decrease in the
vaterite content.

On the other hand, in the case of 0.05 M CaCl,, an increase in the RLs
concentration both in the hydrogel and the Na;COj3 solution, increases in
the vaterite content. However, for 0.15 and 0.25 M of CaCl,, the addi-
tion of RLs to the hydrogel at a concentration below and in CMC causes a
decrease in Xy, while at a concentration higher than CMC, an increase in
Xy compared to the control samples. The situation is different when
rhamnolipids are present in the Na;COj3 solution. Then the reduction of
the vaterite content occurs only for concentrations below the CMC. The
use of a concentration equal to or higher than the CMC results in the
obtaining of CaCOs that contains more vaterite than the control samples.

3.3.2. Organic residues

Figs. S3 and S4 show the FTIR-ATR spectra of all obtained calcium
carbonate particles. In the case of calcium carbonate, there are three
characteristic absorption bands. The symmetrical stretching from the
oscillation of the C-O bond is responsible for the first one, which is in the
range of 1000-1100 cm™'. The second band comes from the out-of-
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Fig. 4. Graphs showing the content of vaterite in the obtained CaCO3 samples
depending on the concentration of RLs and CaCl, for (a) precipitation with
hydrogels containing RLs and (b) precipitation with Na;CO3 solution contain-
ing RLs.

plane bending oscillation of the C-O bond, and is in the range of
890-870 cm . The last characteristic band is in the range of
1420-1450 cm ! and is an asymmetric stretching band, which comes
from the internal oscillation of CO%' ions [56]. This confirms that the
obtained samples consist of calcium carbonate.

Fig. S5 presents the FTIR-ATR spectra of sodium alginate and
rhamnolipids. The sodium alginate spectrum shows two intense bands
corresponding to symmetric and asymmetric valence vibrations of C-O
in the carboxylic ion, at 1611 and 1416 cm™}, respectively. In the
3000-3500 cm™! range, a characteristic band is visible for the ~OH
group [57]. On the other hand, in the spectrum of rhamnolipids, two
characteristic absorption bands can be observed, at 3269 cm ! for the
C-H bond, and for the ~OH group at a value of 3400 cm™!. The char-
acteristic band also occurs at the value of 2925 cm ™! and comes from the
symmetrical and asymmetrical stretching of the C-H group. The band
around 1377 cm™! corresponds to the asymmetric stretching of the
carboxyl group. Although the band at about 1034 cm™! corresponds to
the vibrations of the -C-O-C- group in the cyclic structures of carbo-
hydrates and confirmed the presence of bonds formed between the
carbon atom and the hydroxyl groups in the chemical structures of the
rhamnose rings [58].

Analysis of the FTIR-ATR spectra of calcium carbonate particles
obtained from alginate hydrogels in the presence of rhamnolipids shows
that there is a lack of characteristic bands for both alginate and rham-
nolipids in the FTIR-ATR spectra of the precipitated CaCOs. However, to
confirm the presence of organic residues in the obtained particles,
thermogravimetric analysis was performed. The TG and DTG curves of
all calcium carbonate particles obtained are presented in Figs. S6 and S7
(Supplementary Materials), respectively. The DTG curves show three
peaks corresponding to adsorbed water removal (small peak with a
maximum around 100 °C), organic molecules removal (maximum
around 240 °C) and calcium carbonate decomposition (large peak with a
maximum above 700 °C). Similar courses of DTG curves were observed
for calcium carbonate samples with adsorbed fatty acids [59] or
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obtained in liposomes [60]. On the basis of this analysis, it is found that
the content of adsorbed organic compounds in the obtained products is
in the ranges of 0.53-1.47% and the largest mass of adsorbed bio-
surfactant molecules was for the highest rhamnolipid concentrations
used, both in the solution and in the alginate hydrogel.

3.3.3. Specific surface area and pore volume

The bar graphs containing the values of the specific surface area of
the precipitated CaCO3 particles depending on the concentration of
rhamnolipids in the hydrogel or 0.15 M Na,CO3 are shown in Fig. 5. In
the case of control processes, that is, without the addition of rhamno-
lipids, an increase in the specific surface area of calcium carbonate is
observed with an increase in the concentration of CaCl, in the cross-
linking solution, while the difference between the specific surface area
of particles obtained from cross-linked hydrogels in a solution with a
concentration of 0.15 and 0.25 M is not significant. The addition of
rhamnolipids to both the hydrogel and the carbonate solution in the case
of using 0.05 M CaCly increases the value of the specific surface area.
The higher the RL concentration, the greater the specific surface area.
However, for CaCl, concentrations of 0.15 and 0.25 M, the addition of
rhamnolipids with a concentration below CMC and equal to CMC to the
hydrogel reduces the value of the specific surface area of the particles
compared to the control samples. The highest value was obtained for the
samples obtained from the hydrogel containing rhamnolipids with a
concentration above CMC and ionically cross-linked with a 0.05 M CaCl,
solution. Moreover, a different relationship was observed for experi-
ments carried out with the use of hydrogels containing biosurfactants
with a concentration exceeding CMC. Contrary to the other series of
experiments, in this case, a decrease in the value of the specific surface
area is observed with an increase in the concentration of calcium ions.
The addition of rhamnolipids to the carbonate solution does not cause
such an effect.

(a)

0.25 M CaCl2
0.15 M CaCl2

Specific surface area [m?/g]
N
o

0.05 M CaCl2

Rhamnolipids concentration [mg/I]

(b)

0.25 M CaCl2
0.15 M CaCl2

Specific surface area [m?/g]
N
o

0.05 M CaCl2

3311

Rhamnolipids concentration [mg/I]

Fig. 5. Graphs showing the specific surface area of precipitated CaCO3
depending on the concentration of RLs and CaCl, for (a) precipitation with
hydrogels containing RLs and (b) precipitation with NayCO3 solution contain-
ing RLs.
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Fig. S8 shows the bar graphs containing the values of the pore vol-
ume of the rhamnolipid concentration in the hydrogel and 0.15M
NayCOs. The pore volume values are correlated with the specific surface
area values of the obtained particles; therefore, the same dependence of
these parameters on the concentration of both rhamnolipids and calcium
chloride is observed.

3.3.4. Particle size

The size distributions of calcium carbonate particles formed in the
alginate hydrogel are shown in Fig. S9. During the measurements, the
particles obtained in the presence of higher concentrations of rhamno-
lipids were hardly dispersed in water, which confirmed the adsorption of
some of the biosurfactant molecules on the calcium carbonate surface.
The particle size distributions are bimodal for most products. The
maximum of the first peak is around 700 nm. The content of the smallest
particles is less than 2% by volume. The maxima of the second peak
corresponds to the main particle population. The diameters of the me-
dian distribution for all products obtained are shown in Table 1. In the
control sample, performed without rhamnolipids, the size of precipi-
tated calcium carbonate particles increased with the increasing con-
centration of calcium ions used for hydrogel cross-linking. When the
alginate hydrogel was produced with the addition of rhamnolipids, the
particle size decreased with the increasing biosurfactant concentration,
and the greatest effect of rhamnolipids on particle size was seen at its
highest concentration in the hydrogel. On the other hand, when rham-
nolipids were added to the sodium carbonate solution, the particle size
increased with increasing concentration of the biosurfactant in the so-
lution. The size of the calcium carbonate particles in the tested system is
primarily influenced by two factors: supersaturation and the presence of
additives that stabilize the CaCOg crystals. Supersaturation depends on
the concentration of calcium ions immobilized in the alginate hydrogel
and the concentration of carbonate ions diffusing from the solution into
the hydrogel. When rhamnolipids are added to the hydrogel, then the
amount of Ca®" ions immobilized in the resulting structure is greater.
This is due to the possibility of creating additional sites for calcium ion
uptake by biosurfactant molecules in the hydrogel [39]. Additionally,
the amount of trapping Ca2" ions also increases with increasing con-
centration of these ions in the solution used as an ionic cross-linking
agent. The transport of carbonate ions is dependent on the cohesive-
ness of the hydrogel. The increase in the cohesion of the hydrogel

Table 1

The median diameter (dsp) of precipitated CaCO3 particles and the number of
Ca®" moles present in the hydrogel per 1 g of alginate, depending on RLs
concentration.

RLs location RLs CaCl, Ca2* present in dso

concentration concentration the hydrogel [nm]
[mg/L] [mol/L] [mol/g Alg]

Control 0 0.05 0.0017 18.6
0 0.15 0.0036 22.9
0 0.25 0.0040 24.4
Hydrogel 4.3 0.05 0.0019 19.2
43.2 0.0020 17.4
432.1 0.0022 12.9
4.3 0.15 0.0040 21.2
43.2 0.0044 20.7
432.1 0.0047 18.3
4.3 0.25 0.0053 27.8
43.2 0.0061 26.6
432.1 0.0071 17.7
NazCO3(aq) 3.3 0.05 0.0017 21.7
solution 33.1 18.1
331.1 18.3
3.3 0.15 0.0036 19.4
33.1 22.6
331.1 21.5
3.3 0.25 0.0040 27.2
33.1 27.0
331.1 38.0
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depends on both the concentration of calcium ions and the concentra-
tion of the biosurfactant. For a fixed concentration of calcium ions, the
cohesiveness of the gel increased with decreasing concentration of
biosurfactant. This may slow down the diffusion of calcium ions and,
consequently, reduce supersaturation. In addition, a higher concentra-
tion of biosurfactant in the hydrogel may stabilize the small crystals
formed; therefore, a decrease in calcium carbonate particles is observed
with an increase in the concentration of the biosurfactant added to the
hydrogel. This hypothesis is also confirmed by the comparison of the size
of particles obtained in hydrogels that differ in the concentration of
calcium ions. In this case, the cohesiveness of the gels increases with
increasing Ca®* concentration, which hinders the transport of carbonate
ions. As a result, the obtained supersaturation is smaller and the CaCO3
particles are larger. However, in the case where rhamnolipids were
added to the carbonate solution, then the particle size depended pri-
marily on the concentration of calcium ions contained in the hydrogel
and increased with increasing their concentration. Furthermore, in the
case of calcium ion concentrations of 0.05 and 0.15 M, the effect of
rhamnolipids on particle size was small. A significant increase in the size
of calcium carbonate particles was observed when precipitation was
carried out in the hydrogel containing the highest concentration of
calcium ions using the carbonate solution with the highest concentration
of biosurfactant. In this case, the stabilizing effect of a high concentra-
tion of rhamnolipid molecules is demonstrated, which enables the for-
mation of large particles of metastable vaterite.

3.3.5. Morphology

SEM micrographs showing CaCOj crystals precipitated using a
hydrogel cross-linked with 0.05 M CaCl, depending on the concentra-
tion and location of the RLs are presented in Fig. 6. While micrographs of
samples obtained in experiments with the use of 0.15 and 0.25 M CacCl,
solution as a cross-linking agent are shown in the Supplementary Ma-
terials in Figs. S10 and S11, respectively. On this basis, it can be
concluded that the obtained particles are a mixture of two polymorphs
of calcite and vaterite. The micrographs show that vaterite occurs in the
form of spherical particles with a very porous surface, whereas calcite
mainly forms rhombohedral particles with a smooth surface. In addition,
calcium carbonate particles formed an aggregate and often have
deformed shapes.

3.4. Precipitation mechanism

The single diffusion solution phase reactant method is characterized
by mild precipitation conditions, mapping the process of biominerali-
zation in living organisms. In such a reaction system, calcium ions are
released from the hydrogel, while carbonate ions are components of the
aqueous solution. Calcium carbonate precipitation using Ca®* loaded
hydrogels depends on two equilibria, that is, the CaCOgs solubility
product constant and calcium alginate gelation [61]. In the precipitation
process using Ca>" loaded hydrogels, alginate affects the nucleation and
growth of CaCOjs crystals through the chemical interaction of the
hydrogel with the mineral phase [62], and it is possible to precipitate
various CaCOgs polymorphs using an alginate template [63]. This is
because alginate matrices contain charged and polar functional groups,
which can interact with diffusing solutes such as Ca®* and CO%.
Consequently, this leads to a change in the concentration of the local
reagents, i.e., supersaturation. In the hydrogel reaction environment, as
in organic matrices in biological systems, laminar flow, Brownian mo-
tion, and convection currents are suppressed. Therefore, diffusion is the
dominant mass transport mechanism [64]. Furthermore, additional
substances present directly in the hydrogel or in the ambient environ-
ment also influence the characteristics of the precipitated particles. The
studies of calcium carbonate precipitation in hydrogels indicate that the
CaCO3 polymorph formed depends on the hydrogel composition. Higher
xanthan concentration in hydrogels resulted in the formation of calcium
carbonate with a higher vaterite content in the mixture of calcite and
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vaterite polymorphs [63]. Introducing -COOH groups into the hydrogel
network (copolymer of poly-acrylamide and acrylic acid) promoted
nucleation and temporarily stabilized vaterite crystals [65]. However,
amorphous calcium carbonate (ACC) (the least stable calcium carbonate
form) was precipitated in double network hydrogel [66]. It was shown
that the composition ratio of the monomers used in the production
influenced the concentration of the obtained ACC [67]. In addition, the
selection of the appropriate proportions of N-(phosphonomethyl)
glycine (PMGly) and MgCl, added to the double network hydrogels
regulated the formation of polymorphic forms of calcium carbonate. The
higher concentrations of PMGly effectively inhibited the transformation
of ACC into stable crystalline calcium carbonate forms [66]. Other tested
substances added to the hydrogel were polyaspartic acid (PAsp) and
polylysine (PLys) [68]. The presence of PLys alone into the agar
hydrogel resulted in the formation of calcite particles with the
morphology of star-like shaped dendrites, and a small amount of
spherical vaterite. The addition of PAsp alone or a mixture of PAsp and
PLys led to the crystallization of calcium carbonate in the form of
spherulites with a hierarchical structure (inner core with looser outer
part). The functional groups of both alginate and additives can interact
directly with the crystals facets influencing the crystals nucleation and
growth. Thus, the formation of crystals in hydrogels and with the
addition of rhamnolipids to the reaction environment as a model bio-
mineralization system allows us to study the mechanisms of crystal
formation in bacterial biofilms [64].

The proposed mechanism of CaCO3 precipitation in alginate hydro-
gel containing rhamnolipids is shown in Fig. 7. In the case of precipi-
tation in the hydrogel-liquid system, crystals are formed on the surface
of the hydrogel, i.e., in the place closest to the aqueous carbonate so-
lution [64]. As a result of the gradual diffusion of CO%’ ions into the
hydrogel, a reaction between carbonate and calcium ions takes place,
resulting in the formation of CaCOj3 crystals. The consequence of this is
the breakdown of the alginate hydrogel as a result of the removal of
calcium ions from it and their replacement with Na® ions. With the
course of precipitation, a kind of transition layer between the aqueous
solution and the hydrogel grows (light yellow area in Fig. 7). This layer
consists of the resulting CaCOj3 particles and sodium alginate gradually
dissolving in water. This soluble process occurs very slowly, especially in
a system where the solution is not mixed. The resulting layer of sodium
alginate, to some extent, immobilizes the crystals formed, which may
lead to their agglomeration.

The combination of the two media containing Ca>" and CO3 ions
results in the formation of nuclei and then nanoparticles of the precursor
phase, i.e., amorphous calcium carbonate (ACC) [69]. This phase is
characterized by a high degree of hydration and is indicated as the least
stable form of calcium carbonate. ACC particles formed in solution are
equilibrated in a few seconds and thus converted to vaterite particles by
direct solid state transformation, which is experimentally very difficult
to capture [70]. It has been shown that during crystallization, vaterite
can have a positive charge on the surface [69]. Negatively charged hy-
droxyl groups present in rhamnolipid molecules (see Fig. 8) can adsorb
on the surface of the formed vaterite particles and change the surface
energy. This phenomenon provides for the stabilization of this poly-
morphic form by protecting it from transformation to more stable forms.
Furthermore, the presence of rhamnolipids in the reaction system
changes the solubility of vaterite, which results in a slowdown in the
transformation of this polymorph to calcite.

4. Conclusions

In this research, the single diffusion solution phase reactant method
characterized by mild precipitation conditions that mapping the process
of biomineralization in living organisms has been applied. It has been
shown that the presence of rhamnolipids influences the consumption of
calcium ions during cross-linking, effectively increasing this parameter.
This effect is observed regardless of whether the biosurfactant is present
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Fig. 6. SEM micrographs (2000x magnification) of CaCO3 samples precipitated using hydrogel cross-linked with 0.05 M CaCl, depending on the concentration and
location of RLs.
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Fig. 7. Proposed mechanism of CaCO3 precipitation in alginate hydrogel containing rhamnolipids (dark yellow area — alginate hydrogel, light yellow area — pre-

cipitation region, blue area — carbonate aqueous solution).
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Fig. 8. Chemical structure of monorhamnolipids (a), and dirhamnolipids (b).

in the solution in free form or the form of micelles. Furthermore, the
results of this research show that rhamnolipids have an effect on the
characteristics of precipitated calcium carbonate in a system that sim-
ulates the biomineralization environment. Importantly, the effect of
these biosurfactants depends on their concentration, as well as whether
they are directly in the hydrogel matrix or the carbonate solution sur-
rounding the hydrogel. The greatest effect compared to control samples
is the presence of rhamnolipids in the form of micelles directly in the
hydrogel with the CaCly cross-linked solution at a concentration of
0.05 M, as it results in the highest increase in vaterite content, specific
surface area and pore volume. The mechanism of CaCOj3 precipitation in
alginate hydrogel containing rhamnolipids has also been proposed.
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