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Abstract: Liposomes (lipid vesicles) are often considered to be a versatile tool for the synthesis
of advanced materials, as they allow various control mechanisms to tune the materials” properties.
Among diverse materials, the synthesis of calcium phosphates (CaPs) and calcium carbonates (CaCO3)
check for using liposomes has attracted particular attention in the development of novel (bio)materials and
updates biomineralization research. However, the preparation of materials using liposomes has not yet been
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influence of cationic liposomes are limited. Therefore, the aim of this study was to investigate and
compare the influence of differently charged liposomes on CaPs and CaCOj3 formation. Zwitterionic

oo 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), negatively charged 1,2-dimyristoyl-sn-glycero-
tyons, DMy etal. Precipitation of 5 Sho-L-serine (DMPS), and positively charged 1,2-dioleoyl-sn-glycero-3-ethylphosphocholi
Calcium Phosphates and Calcium -phospho-L-serine ( ), and positively charged 1,2-dioleoyl-sn-glycero-3-ethylphosphocholine

Carbonates in the Presence of (EPC) lipids were used to prepare the respective liposomes. The presence of liposomes during the

Differently Charged Liposomes. spontaneous precipitation of CaPs and CaCOj affected both the precipitation and transformation

Minerals 2022, 12, 208. https:// kinetics, as well as the morphology of the precipitates formed. The most prominent effect was noted
doi.org/10.3390/min12020208 for both materials in the presence of DMPS liposomes, as (nano) shell structures were formed in both
o ) cases. The obtained results indicate possible strategies to fine-tune the precipitation process of CaPs
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and CaCOj3, which may be of interest for the production of novel materials.
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published maps and institutional affil- 1. Introduction

iations. The ever-increasing need for novel and advanced materials is creating a stimulus

for the development of new economically acceptable and environmentally friendly syn-

thetic routes. Accordingly, biomimetic processes inspired by the formation of hard tissues
BY

in organisms are receiving special attention [1]. Biological hard tissues are essentially
organic-inorganic composites in which the organic matrix strictly controls the composition,
structure, morphology, and orientation of biominerals [2]. In addition to the protein matrix,
the self-assembled structures of lipids (i.e., vesicles) also play an important role in the
formation of hard tissues in both vertebrates and invertebrates [3-7]. Mineralization in
or at a compartmentalized reaction environment, such as that in lipid vesicles, allows
the precise control of physicochemical conditions, which in turn allows the control of
the mineralization process [3]. Typical examples of such a biomineralization strategy are
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coccoliths formed in the alga Emiliania huxleyi [8], matrix vesicles in vertebrates [4,9], or
magnetosomes [10].

For this reason, self-assembled lipid vesicles, so-called liposomes, are attracting much
attention both as model systems for a thorough understanding of biomineralization pro-
cesses and as a versatile route in the synthesis of materials [11-14]. The ability of lipids
to self-assemble is a consequence of their amphiphilic nature. Lipid molecules contain a
polar head group, one or more hydrophobic tails, and a backbone group that binds them to-
gether [3,11]. Each structural element of the lipid molecule can occur in a variety of different
moieties, so the size, surface charge, permeability, fluidity, and charge density of the lipo-
some [15] can be tailored to the intended application. Moreover, they can be used in various
biomedical applications due to their biocompatibility and low toxicity [3,11,14,16,17].

Two classes of biominerals, calcium phosphates (CaPs) and calcium carbonates (CaCOs3),
are of particular interest, both as major mineral constituents of biological hard tissues [2,18,19]
and because of their various technological and biomedical applications [20-22].

CaPs are sparingly soluble salts of phosphoric acid that occur in the form of var-
ious compounds [19]. The main phases relevant to biomineralization are amorphous
calcium phosphate (ACP), octacalcium phosphate (OCP, Cag(HPO4);(POy4)4-5H0), cal-
cium hydrogen phosphate dihydrate (DCPD, CaHPO,4-2H,0), calcium-deficient ap-
atite (CaDHA, Cajg_x(HPO4)x(PO4)s_(OH)2_y, 0 < x < 1), and hydroxyapatite (HAP,
Caip(POy4)s(OH),) [19,23]. They are found in various organisms, such as bacteria and
vertebrates [24]. In addition to their role as a major constituent of normal and pathological
hard tissues of vertebrates, CaPs are important in primitive organisms for the storage and
regulation of essential elements [19,25].

Calcium carbonates occur in the form of various polymorphs (calcite, aragonite, and
vaterite) and hydrates (monohydrate, hexahydrate, and amorphous (ACC)). Of these,
calcite and aragonite are regularly deposited as biominerals. They are the most abundant
biominerals in invertebrates such as mollusks, sponges, corals, and crustaceans [26]. The
ability of both CaP and CaCOj to crystallize via an amorphous precursor phase is important
for their function as biominerals because different ions and macromolecules can regulate
this process and thus the properties of the final material [2,5,27-29].

In vitro studies have shown that liposomes provide two main sites for the formation
of CaP and CaCOs: the inner and the outer surface [30-36]. The permeability of liposomes
to constituent ions can be influenced by liposome composition, temperature, and the inclu-
sion of ionophores [11,37]. The negatively charged head groups of phospholipids attract
calcium ions, leading to the formation of a locally supersaturated zone that can increase
the nucleation rate [38]. When precipitation is initiated inside liposomes, different CaP
phases can form depending on the experimental conditions (e.g., reactant concentration and
pH) [37,39-42]. Although ACP is somewhat stabilized in the presence of liposomes com-
pared to systems without liposomes, it continues to transform into an apatitic phase [37,42].
In contrast, the transformation of ACC within liposomes is inhibited by liposomal encap-
sulation and the exclusion of impurities that can act as nucleators [43,44]. However, this
is not the only observed difference in the behavior of CaP and CaCOj in the presence of
liposomes. While the incorporation of phosphatidic acid (PA) or phosphatidylserine (PS)
into the lipid membrane promotes CaP formation [35], acidic phospholipids that can bind
calcium (PA, PS, or phosphatidylinositol (PI)) do not increase the interaction between the
membrane and calcium or affect the nucleation and growth of CaCOj [11,43].

In addition to the lipid composition, the properties of the outer surfaces of liposomes
can be tailored by changing their size and, consequently, their curvature. This may influence
the physical/chemical properties of the precipitate formed under respective conditions [31].
Indeed, many researchers have reported the preparation of porous [45] or void micro- and
nanoshells [14,31], which can then be used as drug carriers [46] using liposomes as tem-
plates. Zwitterionic or anionic phospholipids such as phosphatidylcholine [30,47], dipalmi-
toylphosphatidylcholine (DPPC) [33], dioleayl-sn-glycero-3-phosphate and dipalmitoyl-
sn-glycero-3-phosphate (DOPA and DPPA) [31,32], enzymatically modified DPPC [35],
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polysaccharide-coated dimyristoylphosphatidylcholine (DMPC) and dilauroyl phospha-
tidic acid (DLPA) [48], lecithin [36], and 3D chitosan [34] have been used to study the role
of the organic template in modulating calcium phosphate or calcium carbonate formation.
However, it was shown that positively charged liposomes exhibited significantly higher
adsorption on HAP [49]. The selection of specific lipid molecules enables the tuning of
the liposome melting temperature, i.e., liposome permeability, and thus the control of the
precipitation initiated at the particular temperature of interest [40]. The mineralization of
liposomes can typically be achieved by the titration method [31,32] or by the suspension of
liposomes in simulated body fluid (SBF) [30,47]. No mineralization was observed when
liposomes were suspended in a metastable external solution [50], so coating the liposomes
with polysaccharides was proposed as a way to facilitate this process [48]. Research in
which the gas diffusion method was applied showed the influence of the spatial arrange-
ment of lecithin molecules, controlled by the lecithin concentration in calcium chloride
solution, on the templating texture, polymorphism, size, and shape of calcium carbonate
crystals [51].

Investigations of the influence of liposomes on the spontaneous precipitation of either
CaP or CaCOj; are scarce. In addition, to the best of our knowledge, there has been
no attempt to compare the influence of liposomes containing different head groups, i.e.,
different charges, on the precipitation of different CaP and CaCOj3; phases.

To fill this gap in data, we investigated the influence of liposomes prepared from
three differently charged lipids on CaP and CaCOj3 precipitation. In particular, zwitterionic
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), negatively charged 1,2-dimyristoyl-
sn-glycero-3-phospho-L-serine (DMPS), and positively charged 1,2-dioleoyl-sn-glycero-
3-ethylphosphocholine (EPC) (Figure S1) were used, and the effects could be compared
because the melting points of all lipids are below 37 °C. In this way, it was possible to
determine both the influence of different sizes and charges of liposomes on the CaP and
CaCOj; precipitation/transformation process and the properties of the thus-formed solids.
This work is a continuation of our previous research, in which the properties of metastable
and stable CaP and CaCOj; phases, formed under similar experimental conditions, were
compared [52,53]. The obtained results could contribute to the understanding of the
additional details of general principles of biomineralization and to the development of new
green synthesis routes.

2. Materials and Methods
2.1. Materials

The phospholipids 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-dimyristoyl-
sn-glycero-3-phospho-L-serine (DMPS), and 1,2-dioleoyl-sn-glycero-3-ethylphosphocholine
(EPC) were purchased from Avanti Polar Lipids (Birmingham, AL). Calcium chloride
dihydrate (CaCl,-2H,0), disodium hydrogen phosphate (Na,HPOy), sodium hydrogen
carbonate (NaHCO3), sodium carbonate (Na,COj3), and sodium chloride (NaCl) were
obtained from Sigma Aldrich. CaCly, Na,HPO,, NaHCO3, and NayCOj3 stock solutions
were prepared from analytical grade chemicals that were dried overnight in a desiccator
over silica gel. The exact concentrations of CaCl, stock solution were determined by ion
chromatography. The pH of the solutions was adjusted with hydrochloric acid (HCl) or
sodium hydroxide (NaOH) if necessary. Milli-Q water was used in all experiments.

2.2. Liposome Preparation

Liposomes were prepared by hydration of a thin phospholipid film. In short, the lipid
films were prepared as follows: 3 mg of lipid (Figure S1) was added to 2 mL of chloroform,
and the thin lipid film was obtained by evaporation of the solvent using a rotary evaporator.
Suspensions of the liposomes were prepared by hydrating the films with Milli-Q water. The
milky-white multilamellar liposome dispersions were prepared by repetition of heating
and freezing cycles, followed by gentle vortexing.
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2.3. Precipitation Systems

The experiments were performed in a thermostated, double-walled glass vessel with a
50 cm?® capacity at 25 °C. In the CaCOj precipitation experiments, the vessel was tightly
closed with a Teflon cover, thus minimizing the exchange of carbon dioxide between the
ambient air and the reaction system.

In the control precipitation systems, equal volumes (20 cm?) of equimolar CaCl, and
Nap;HPO, or NaHCOj3/NayCOs3 reactant solutions were used. In the case of CaP systems,
anionic and cationic solutions were simultaneously added to the reaction vessel, while
in the case of CaCOj3, the CaCl, solution was rapidly added to the NaHCO3;/Na,COs3
solution. The total initial concentrations of reactants (calcium, phosphate, and carbonate)
in the precipitation system were: c¢;(Ca) = ¢;(POy) = 3.5 mmol dm~3 at pH; = 7.40 for
CaP systems and cj(Ca) = ¢;(CO3) = 20 mmol dm~2 (¢;(HCOj3) = 19.2 mmol dm~2 and
¢i(CO3) = 0.8 mmol dm3) at pH; = 8.15 for CaCOj3 systems [52,53].

Precipitation systems containing liposomes (2.5 ppm < 7 (lipid) < 25.0 ppm) were
prepared by adding the respective liposome suspensions to the anionic reactant solution
before mixing the reactant solutions and readjusting the pH if necessary.

The progress of the reaction was followed by measuring the pH of the solution using
a combined glass-calomel electrode connected to a digital pH meter (Metrohm 701 or
Radiometer PHM 290 pH/ion meter).

2.4. Characterization
2.4.1. Characterization of Liposomes

Infrared spectra (Figures S2-54, Tables S1-53) of the lipids were obtained by using attenu-
ated total reflection FTIR (ATR-FTIR Tensor II spectrometer, Bruker, Ettlingen, Germany).

The size distribution and zeta potential of the liposomes were determined by dynamic
(DLS) and electrophoretic light scattering (ELS) using a Zetasizer Nano ZS (Malvern
Instruments, Malvern, UK) equipped with a 532 nm “green” laser. The intensity of scattered
light was detected at a backscattering angle of 173° to reduce multiple scattering, as well as
the effects of dust. To avoid overestimation arising from the scattering of larger particles,
the hydrodynamic diameter (d},) was obtained as the value at the peak maximum of the
volume size distribution. Each sample was measured 10 times. The zeta potentials ({) of
the particles were calculated from the measured electrophoretic mobility with the Henry
equation using the Smoluchowski approximation (f (ka) = 1.5). Results are reported as
an average value of 3 measurements. For the data processing, Zetasizer software v6.32
(Malvern Instruments) was used. Both DLS and ELS measurements were performed
at ¢ =25 °C. The measured hydrodynamic diameter and zeta potential of the prepared
liposomes are presented in Table S4.

2.4.2. Characterization of Precipitates

Precipitates were filtered through a 0.45 um Millipore filter at predetermined time
intervals, washed 3 times with Milli-Q water and once with ethanol, and dried in a stream of
nitrogen (CaP) or at 100 °C (CaCO3). Samples were kept in a desiccator until further analysis.

Powder X-ray diffraction (PXRD) patterns were collected by Rigaku Ultima IV diffrac-
tometer (Rigaku, Tokyo, Japan) in Bragg-Brentano parafocusing geometry using CuKo
radiation and 5° Soller slits. Scans were performed in 0.02° 20 steps in the range from 3.25 to
60° 26 with a scan speed of 1° per min. The baselines of PXRD patterns were corrected, and
when needed, the data were smoothed using a 5-point adjacent-averaging algorithm.

Infrared spectra were recorded on an FTIR spectrometer equipped with an attenuated
total reflection module (Tensor II, Bruker, Ettlingen, Germany) with diamond ATR crystal
from 4000-400 cm ™!, with a resolution of 2 cm~!. The spectra are the average of 32 scans.

Thermogravimetric measurements (TG) of the dried CaCOj3; samples were carried out
on a Mettler TG 50 thermobalance (Mettler Toledo Corp., Ziirich, Switzerland) equipped
with a TC 10 TA processor (heating rate 10 K min ).
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The morphology of the obtained precipitates was analyzed by scanning electron
microscopy (JEOL JSM-7000F FE-SEM microscope, Jeol, Tokyo, Japan) and transmission
electron microscopy (Zeiss TEM 902A, Zeiss, Oberkochen, Germany and JEOL JEM-1010,
80 kV, Jeol, Tokyo, Japan). The sizes of ACP and ACC particles were estimated from TEM
micrographs using the Image] (v.1.46r) freeware program.

3. Results and Discussion

Despite the continuous interest that calcium phosphates and calcium carbonates
attract due to their role in biomineralization and importance in materials science [29,54,55],
the mechanisms of their formation are not yet fully elucidated. Although these two
biominerals do occur in different organisms, similarities in their formation mechanisms
and physiological roles exist [29]. There are several indications that during the early
stages of mineralization at physiological conditions, in systems in which both anions
are present, interactions between these two solid phases occur, as well as the possible
incorporation of phosphate into the CaCOj structure [56]. However, there is also some
strong evidence that the phosphate stabilizes the transient amorphous CaCOj3 phase [57,58].
From a materials science point of view, the relationship between the CaP and CaCOj3 phases
is important as well, since CaP can be prepared from CaCOs, which serves as a source of
Ca?* ions and a nucleation center [59,60]. Therefore, it was proposed that comparing their
formation mechanisms under various conditions could be a suitable approach to contribute
to revealing certain biomineralization mechanisms [61]. This approach has not yet been
fully exploited due to the considerably different experimental conditions required for the
precipitation of these two types of biominerals.

The CaP and CaCOj; precipitation systems investigated in this study comprised re-
actant concentrations and pH relevant to the corresponding physiological conditions. In
both systems, precipitation occurred rapidly and commenced immediately upon mixing
the reactant solutions. Both precipitation systems were supersaturated with respect to the
relevant solid phases, including the corresponding metastable phases [53], to be able to
assess the influence of liposomes on polymorphic selection and the mechanism of their
formation (transformation).

3.1. Influence of the Liposomes on Precipitation of Calcium Phosphates

In neutral and basic solutions, CaPs usually precipitate in two steps. The first step is
the formation of an amorphous precursor, ACP, which subsequently transforms into a more
stable, crystalline phase(s) [23,62—-64]. Precipitation of CaP was followed by monitoring
changes in the suspension pH, as shown previously [62,65-69]. In Figure 1, the repre-
sentative pH curves obtained in the control system (i.e., without liposomes) and systems
containing different concentrations of liposomes (expressed as lipid concentration) are
shown. All curves have a typical sigmoidal shape, which indicates three stages of the pre-
cipitation process. The initial slight decrease in pH can be associated with the formation of
ACP, while a subsequent abrupt pH decrease is a consequence of the formation and crystal
growth of a specific phase on preformed ACP. The final slight change in pH is associated
with solution-mediated transformation and ripening of the crystalline phase [23,62,65-69].
The similar shapes of the obtained pH curves could indicate that there is no significant
difference in the mechanism of CaP formation in the presence of different liposomes.

However, differences could be observed in the induction times of crystalline phase
formation (#;, Table 1), which represent the time elapsed between the commencement of the
precipitation reaction (mixing of the reactants) and the first appearance of the crystalline
phase upon the previously formed ACP. The induction time can be determined from the
intersection of the tangents on the first and second parts of the pH vs. time curve [23,62].
Frequently, induction time is used as an indicator of ACP stability, and it is accepted that
a longer induction time corresponds to a more stable ACP [62,70]. The obtained results
indicated different tendencies of the t; changes with the liposome concentration (Figure 1b).
In the presence of zwitterionic DMPC liposomes, the induction time increased, while in
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the presence of negatively charged DMPS, it decreased with the concentration of the lipid.
However, the influence of EPC on induction time was negligible. The effect of DMPS
could be ascribed to the high affinity of PS groups for Ca?* ions, which adsorbed on the
outer liposomal membrane and could serve as a template for the formation of CaP, thus
promoting the ACP transformation. This finding is opposite to that in a previous study
by Wuthier and Eans [71], in which the authors showed that PS liposomes enhanced the
stability of prepared ACP proportionally to the applied concentration (200-1000 ppm
PS). The stabilization was less pronounced when PS was present during spontaneous
ACP precipitation. The PS concentrations used by Wuthier and Eans [71] were much
higher than those used in the spontaneous precipitation experiment described in this work,
which could explain the observed differences. A recent computational study showed that
Ca?*-HPO42~ and phosphatidylserine complexes facilitate nucleation [72]. It was also
shown that prepared ACP was more stable in the presence of PC, diacetyl phosphate, and
cholesterol liposomes [37].
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Figure 1. (a) Representative pH vs. time progress curve of formation and transformation of calcium
phosphate solid phases in the absence (CS) and presence of 12.5 ppm (spheres) and 25.0 ppm (triangles)
lipids. (b) The dependence of average induction time (t;, calculated from pH vs. time curves) on lipid
concentration is given. ¢; (Ca) = ¢; (PO4) = 3.5 mmol dm3; pH;=74,8/°C=25+0.1.

Table 1. Average induction times (t;) obtained from pH vs. time (t) curves from 3 measurements with
standard deviations (SDs). ¢; (Ca) = ¢; (POy) = 3.5 mmol dm~3; pH; = 7.4; 8/°C = 25 + 0.1. Liposome
concentrations are expressed as lipid concentration.

Precipitation System v (Lipid)/ppm ti/min

CSs 0 426 +2.3
DMPC 2.5 376+ 18
DMPC 6.25 49.7 £21
DMPC 12.5 474+ 0.9
DMPC 25.0 69.5+34
DMPS 2.5 417 £0.8
DMPS 6.25 482 +25
DMPS 12.5 40.7 £ 24
DMPS 25.0 348 +£13
EPC 2.5 492 +21
EPC 6.25 427+ 3.0
EPC 125 481 £2.7
EPC 25.0 46.5+2.5

Precipitates were initially characterized by TEM after 30 min of reaction due to the
small amount of formed precipitate (Figure 2). In all investigated systems, selected area
electron diffraction (SAED) patterns showed the presence of an amorphous phase. In
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the control system, as well as in the presence of DMPC and DMPS liposomes, typical
chain-like aggregates of spherical ACP particles were observed [52,62,65,73]. However,
the sizes of small spherical particles obtained in the presence of specific liposomes were
different. Particles with the smallest average diameter (79.1 & 10.9 nm) and with a narrow
size distribution (Figure S5) were obtained in the control system, while those formed in
the presence of DMPC liposomes were larger (127.0 & 17.5 nm) and somewhat elongated.
Similarly, in the presence of DMPS, the particles were elongated, but their size distribution
was wider, ranging from 60 to 180 nm with an average size of 110.8 & 21.2 nm. However,
completely different ACP morphology was noted in the EPC liposomal systems, in which a
gel-like precipitate was obtained [74].

Figure 2. TEM micrographs and corresponding SAED patterns (insets in the figures) of precipitates
formed in (a) control system and in the presence of (b) DMPC, (c) DMPS, and (d) EPC liposomes.
¢i (Ca) = ¢; (PO,) = 3.5 mmol dm—3; v (lipid) = 25.0 ppm; pH; = 7.4, ¢/°C = 25 £ 0.1; after 30 min
aging time.

A likely explanation for the observed differences in the morphology of ACP obtained
in different liposomal systems can be related, apart from their chemical differences, to
differences in the size and zeta potential (Table S4). However, in the applied anionic
phosphate reactant solution, different liposomes did differ in both size and zeta potential.
In particular, zwitterionic DMPC formed large liposomes with bimodal size distributions
that peaked at 1610.6 and 4877.8 nm and with a zeta potential of —0.6 mV. DMPS formed
much smaller liposomes (231 nm) but with a more negative zeta potential (—100.6 mV). The
size distribution of EPC liposomes was also bimodal, but the liposomes were also smaller
than DMPC liposomes. Liposomes with average sizes of 44.8 and 308.1 nm and with a
zeta potential of 56.6 mV were observed. As the effects of size and zeta potential could not
be decoupled under the applied experimental condition, the explanation of the observed
differences is rather complex.

PXRD patterns, FTIR spectra, and SEM micrographs of the CaP precipitate obtained af-
ter 60 min are presented in Figures 3 and 4, respectively. Similar to polyelectrolytes [62] and
surfactants [65] under similar experimental conditions, liposomes did not influence the com-
position of the precipitates. FTIR spectra (Figure 3a,c,e, Tables S5-58) of all samples show
typical phosphate and water bands. The asymmetric stretching mode of POZ* was found
at around 1114 cm~! and 1020 cm !, and symmetric stretching was observed at 960 cm ™!,
with bending modes of POi_ at around 600 cm 1, 555 cm ™!, and 470 cm 1. The band at
around 860 cm ™! corresponds to HPOZ* vibration. A broad band at 3700-2600 cm ™!, as
well as a band at 1650 cm ™1, corresponds to the vibration of water molecules [75,76]. No
bands characteristic of lipids were observed. In PXRD patterns, peaks at around 25.91° and
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32.12° 20, characteristic of CaDHA, were observed [77,78]. In the case of DMPS and EPC,
the intensity of these peaks decreased with the increase in concentration, although at the
highest applied concentrations, the intensity was the highest. However, the intensity of the
peaks continuously increased with the DMPC concentration.
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Figure 3. FTIR spectra (a,c,e) and PXRD patterns (b,d,f) of the CaP precipitate formed after 60 min of
aging in the absence (CS) and presence of different concentrations of liposomes (expressed as lipid
concentration): (a,b) DMPC, (c,d) DMPS, and (e,f) EPC. ¢; (Ca) = ¢; (PO,) = 3.5 mmol dm—3; pHi =74;
9/°C=25+0.1.

The morphologies of the precipitates were correlated with different liposomes present
during their formation (Figure 4). Typical spherical aggregates of leaf-like CaDHA crystals
were obtained in the control system (Figure 4a), as well as in the presence of DMPC
(Figure 4b) and EPC (Figure 4c). However, in the presence of DMPC, spherical aggregates
were somewhat larger and denser than those in the control system, while the single leaf-
like crystals were less developed and smaller. In the presence of EPC, smaller spherical
aggregates were observed. SEM micrographs of precipitate formed in the presence of
DMPS (Figure 4d,e) reveal that some of the spherical aggregates are hollow, which indicates
nanoshell formation.
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Figure 4. SEM micrographs of the precipitates formed after 60 min reaction time in the
(a) absence (CS) and presence of different liposomes: (b) DMPC, (¢) EPC, and (d,e) DMPS.
¢i (Ca) = ¢; (PO,) = 3.5 mmol dm—3; 7 (lipid) = 25.0 ppm; pH; =7.4; /°C =25 £ 0.1.

It seems that the ability of anionic lipids, in this specific case, DMPS, to concentrate and
bind calcium ions [79,80] could enable the formation of shell structures. Recent molecular
dynamics simulations have shown that Ca", HPOﬁ* and PS complexes facilitate early
nucleation [72]. It was also shown that zwitterionic PC liposomes could template CaP
growth from SBF and that CaP hybrid nanostructured forms, differing in structure and
morphology from CaDHA, appeared in the control system [47]. The morphology of CaP in
the nanoshells prepared by the titration method depended on the type of anionic liposomes
used for the template; i.e., the different sizes and zeta potentials of liposomes resulted in
the formation of precipitates with different morphologies [31].

3.2. Influence of the Liposomes on Precipitation of Calcium Carbonates

The process of calcium carbonate precipitation in the presence of liposomes was
investigated and compared to control systems containing no liposomes. In carbonate
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reactant solution, the sizes of DMPC and EPC liposomes were comparable to the sizes
obtained in phosphate reactant solution, while the zeta potential of EPC liposomes was less
positive. In contrast, the size of DMPS liposomes was larger in carbonate reactant solution,
and the zeta potential was less positive (Table S54).

The progress of precipitation in the control system (c;(Ca) = ¢;(CO3) = 20 mmol dm~3;
pH; =8.15; ¢/°C = (25 £ 0.1) was followed by measuring the pH of the solution (Figure 5).

8.5
4 EPC
g ® DMPC
A DMPS
s.o.gj . cs
<
14
$4
I | A
L 15 8
7.0
6.5 . ;
0 200 400 600

t/is

Figure 5. Representative pH vs. time curve during CaCOj precipitation in the absence (CS) and
presence of different lipids. c; (Ca) = ¢; (CO3) = 20 mmol dm=3. 4 (lipid) = 25.0 ppm; pH; = 8.15;
¢9/°C=25+0.1.

The solid phase appeared in the control system immediately after mixing the reactants,
and pH decreased from about 8.15 to about 6.80 in less than 10 min. Similar behavior
of the precipitation system was noted when liposomes were added, thus indicating no
significant influence on the induction time and progress of the precipitation process in
the case of all EPC and DMPC concentrations and the case of lower DMPS concentrations
(Figure S6). Representative pH vs. time curves obtained during CaCOj3 precipitation in
the presence of the highest applied lipid concentration, vy (lipid) = 25.0 ppm, are shown
in Figure 5. For comparison, the progress curve of the control experiments, without the
addition of liposomes, is also shown. It is obvious that the addition of EPC and DMPC did
not significantly affect CaCOj precipitation, while the addition of 25 ppm DMPS caused
the termination of the process at a somewhat higher pH value compared to the control
system (Figure 5). The likely explanation for the observed retardation of crystal growth is
liposomes’ adsorption on the crystal surface.

The mineral samples isolated from the control precipitation system, as well as those
from the liposomal systems, 10 min after mixing the reactants, consisted of the unstable
CaCOs polymorph, vaterite, as determined from PXRD and FTIR analyses (band assign-
ments in Tables 59-512). A representative PXRD diffractogram and FTIR spectrum of the
samples isolated from the control system are shown in Figure 6. The presence of vaterite
was confirmed by the characteristic 020, 021, 022, 130, 114, and 222 reflections at 24.9°,27.1°,
32.7°,43.8°,50.0°, and 55.8° 26 (JCPDS: 33-0268), respectively. In comparison to the control
system, the PXRD patterns of precipitates prepared in the presence of liposomes exhibit
a somewhat higher peak intensity; the effect is more pronounced in DMPC and DMPS
calcium carbonate systems (Figure S7). The FTIR spectrum (Figure 6b, band assignments
in Table S9) was recorded in the region from 400 to 4000 cm ™!, in which the characteris-
tic absorbance band of vaterite, v4 = 746 cm ™1, appeared [81,82]. For comparison, FTIR
spectra (band assignments in Tables 59-512) of samples isolated from the system with the
highest lipid concentration are shown in Figure 7. The major differences can be observed in



Minerals 2022, 12, 208

110f18

the region of 2700-3700 cm~!. Indeed, the EPC system (Figure 7a) shows no significant
changes in comparison to the control system, while differences appear in the spectra of
the samples precipitated in the presence of DMPC and DMPS liposomes. Representative
FTIR spectra of precipitates isolated from systems with the addition of 25.0 ppm DMPC
and DMPS liposomes are presented in Figure 7b,c. The principal bands (Figures S2-54
and Tables S1-S3) between 2800 and 3000 cm ! represent CH, stretching modes, with the
maxima of peaks at around 2851 cm ™! and around 2912 cm~! corresponding to symmetric
and asymmetric stretching in the CH, groups of alkyl chains, with a minor contribution
from symmetric and asymmetric stretching vibration in CHjz groups at around 2873 cm ™!
and around 2955 cm !, respectively [83]. Characteristic CH, scissoring and CH, bending
(1420 and 1468 cm ™!, respectively) overlap with strong carbonate ion normal vibrations
(1500-1400 cm™1) [81]. In a CaCO3 crystallization study conducted by Beato et al. [51],
vaterite became the only polymorph when zwitterionic DPPC was used in higher concen-
trations and at high supersaturations. The more hydrophobic environment obtained under
these conditions corresponds to the formation of a complex, highly viscous sol network
(i.e., micelles and reversed micelles) and vaterite formation inside aqueous confined spaces.

(a) (021) (b)
(022)
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Figure 6. (a) PXRD pattern and (b) FTIR spectrum of precipitate, predominantly vaterite, isolated after
10 min of aging in the control system: ¢;(Ca) = ¢;(CO3) = 20 mmol dm~3; pH; = 8.15; 8/°C = 25 £ 0.1.

The content of organic material in vaterite samples was estimated by conducting
thermogravimetric analysis. It was found that the decomposition of samples prepared
in the presence of liposomes occurred in two steps, while for the sample prepared in the
absence of liposomes, only one decomposition step was observed. Thus, Figure 8 shows
TGA curves of samples prepared in the presence of the highest concentration of different
liposomes: the weight loss in the temperature range between 200 and 500 °C corresponds to
the decomposition of liposomes, while the decomposition of CaCOj3 to CaO and CO, occurs
at about 800 °C. It was found that the TG curve of the sample isolated from the system with
the addition of EPC shows no significant changes compared to the TG curve of the control
system. However, a mass loss at about 350 °C was observed in the case of samples prepared
in the presence of DMPC and DMPS liposomes. The estimated maximum value of organic
content in those samples was 7.2% for the DMPC sample and 9.7% for the DMPS sample.
The results are consistent with the respective FTIR analysis and confirm the presence
of DMPC or DMPS in the vaterite crystals. Previous studies reported the incorporation
of organic species in biomimetic calcite and vaterite [84-86], while a much higher lipid
content, about 30%, was detected in amorphous calcium carbonate particles [87]. Gopal and
co-workers reported the synthesis of calcium carbonate microparticles with phospholipids
entrapped (2.5-5.0%) in the porous vaterite structure, resulting in an organic/inorganic
complex matrix [45]. Their TG analysis revealed that calcium carbonate and phospholipids
in these microparticles exhibit strong interactions.
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Figure 7. FTIR spectra of vaterite formed after 10 min of aging time in systems with the presence
of different liposomes: (a) EPC, (b) DMPC, and (c) DMPS; ¢; (Ca) = ¢; (CO3) = 20 mmol dm3;
7 (lipid) = 25.0 ppm; pH; = 8.15; #/°C = 25 & 0.1. Arrows: characteristic absorbance band of vaterite,
746 cm~1, and characteristic CH, stretching modes of liposome, 2851 cm~ 1 and 2912 em 1.
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Figure 8. Thermogravimetric analysis of sample formed after 10 min of aging time in the absence (CS)
and presence of different liposomes. ¢; (Ca) = ¢; (CO3), v (lipid) = 25.0 ppm, pH; = 8.15, ¢/°C =25 £ 0.1.

SEM micrographs of the sample precipitated in the control system (Figure 9a) showed
predominantly 2.0-2.5 pm spherical and some plate-like particles with a rough surface.
These particles are the aggregates of primary particles, with an average size of <50 nm,
which is characteristic of vaterite [88]. The samples obtained in the presence of liposomes
contained spherical or plate-like particles that were larger (2-5 um) with different aggre-
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gation and surface structures (Figure 9b—d). The literature reports vaterite particles with
a mean size of 5 & 2 um prepared in the presence of negatively charged phospholipid
mixtures of negative and zwitterionic phospholipids [45]. The strongest influence on the
vaterite morphology was found after the addition of negatively charged DMPS. The SEM
image in Figure 9d shows that vaterite particles are superstructures of crossed disc-shaped
forms, having a uniform thickness of about 10 nm. The observed effect on morphology
can be correlated with FTIR and TG results (Figures 7 and 8), which show that liposomes
interact with the calcium carbonate surface. The interactions probably occurred between
calcium ions on the surfaces and carbonyl, phosphate, and carboxylate groups of the phos-
pholipids [48]. DMPS, in comparison to DMPC and EPC, has more potent calcium-binding
sites, which may cause crystal growth suppression in a specific direction, which in turn
leads to anisotropic growth of the crystal and the formation of novel superstructures. SEM
micrographs of precipitate formed in the presence of DMPS also revealed some vaterite
spheres with void structures (hollow aggregates) (Figure 9¢). The occurrence of differently
textured vaterite crystals obtained in lecithin-templated calcium carbonate crystallization
under a continuous CO; diffusion atmosphere [51] reflects the geometry and spatial dis-
tribution of aqueous constrained spaces due to lecithin assembly, controlled by lecithin
concentration, in calcium chloride solution.

Figure 9. SEM micrographs of vaterite precipitated after 10 min of aging time in the (a) absence (CS) and
presence of different liposomes: EPC (b), DMPC (c), and DMPS (d,e). ¢; (Ca) = ¢; (CO3) = 20 mmol dm3;
7 (lipid) = 25.0 ppm; pH; = 8.15; ¢/°C =25+ 0.1.

3.3. Comparison of the Liposomes” Influence on CaP and CaCOj3 Precipitation

The majority of the studies of CaP and CaCOj precipitation in the presence of lipo-
somes were conducted using liposomes containing one or both reactant solutions [38,89,90]
or by preparing liposomes coated with an inorganic phase by titration [14,31,45]. Sur-
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prisingly, investigations of spontaneous precipitation in the presence of liposomes are
scarce [33,36,50,91]. However, spontaneous precipitation, in addition to its role in inves-
tigating biomineralization, can be used as a fast and versatile method of preparation of
materials with specific properties that are tailored by experimental conditions, including
the presence of additives [92].

Despite the intrinsic difference in the investigated precipitation systems, including
differences in the size and charge of the liposomes, the obtained results indicate that their
effects on the precipitation of CaP and CaCO3 share some common features.

In both control precipitation systems, the precipitation started immediately upon the
mixing of the reactants. In the CaP system, the first formed solid phase was ACP, which
transformed into CaDHA. In the CaCQOj3 system, vaterite was the initially formed solid,
which did not transform during the investigated aging period. Liposomes did not influence
the composition of the formed precipitates. However, in the case of CaP, they did influence
the rate of ACP transformation to CaDHA. Thus, in the presence of zwitterionic DMPC
liposomes, the ACP transformation was retarded, while in the presence of negatively
charged DMPS liposomes, it was promoted. On the other hand, in the CaCOj3 system, in
the presence of the highest investigated concentration of DMPS liposomes, retardation
of crystal growth was observed. Previous studies have shown that liposomes, whose
composition corresponded to that of matrix vesicle membranes, are not able to induce
precipitation from a metastable solution containing 2.25 mM Ca?* and 1.50 mM inorganic
phosphate [50]. However, phosphatidylcholine liposomes were able to induce the formation
of ACP in SBF [47]. In the presence of lecithin [36] and dipalmitoylphosphatidylcholine [33]
liposomes at concentrations higher than those used in this study, the influence of liposomes
on the composition and morphology of CaCOs precipitate was concentration-dependent.
The observed effects were attributed to the ability of negatively charged head groups
to concentrate Ca?* ions, facilitating nucleation and modifying crystal growth [35,36,47],
which is in accordance with our results showing that negatively charged DMPS has the
most pronounced effect.

The most interesting result of this study is the formation of both CaDHA and vaterite
(nano) shells/hollow spheres in the presence of the highest investigated concentration of
DMPS. This could be attributed to the high affinity of negatively charged phosphatidylser-
ine moiety towards Ca?* ions [72]. Until now, shell structures were usually obtained by
more complex and longer-lasting titration procedures [14,31,45].

The obtained results confirm the literature data on the importance of phospholipid
head group arrangement and interactions with both mineral surfaces [35,38].

4. Conclusions

In this work, the influence of differently charged and sized liposomes on CaP and
CaCO; precipitation in aqueous solutions supersaturated with respect to relevant solid
phases was investigated. When compared to the respective control systems, the miner-
alogical composition of both CaP and CaCOs3 precipitates formed was not affected by the
presence of liposomes. On the other hand, liposomes influenced both the precipitation and
transformation kinetics and the morphology of CaP and CaCOj3 precipitated phases. In both
precipitation systems, it was shown that DMPS liposomes exerted the most noticeable influ-
ence on morphology; either CaDHA or vaterite (nano) shells/hollow spheres were formed,
which could be explained by specific electrostatic interactions between phosphatidylserine
and Ca?* ions present on mineral surfaces.

The results also confirm that, despite differences in the chemical composition, solubil-
ity, and/or stabilities of the phospholipids used herein, similarities in the mechanisms of the
formation of the biominerals calcium phosphates and calcium carbonates exist. However,
both biomimetic precipitation systems need to be more thoroughly and methodically inves-
tigated and compared to systematically establish new synthetic routes for the preparation
of functional materials that are applicable in different fields.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/min12020208/s1, Figure S1. Molecular structure of the lipids used in this study for the
preparation of liposomes with different surface charges. Figure S2. FTIR spectra of 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC). Figure S3. FTIR spectra of 1,2-dimyristoyl-sn-glycero-3-phospho-
L-serine (DMPS). Figure S4. FTIR spectra of 1,2-dioleoyl-sn-glycero-3-ethylphosphocholine (EPC).
Figure S5. TEM micrographs and size distribution of ACP particles formed in control system and
in the presence of DMPC and DMPS liposomes in spontaneous precipitation experiment. Figure S6.
Representative pH vs. time curve of CaCOj3 spontaneous precipitation experiments. Figure S7. PXRD
patterns of the precipitate formed after 60 min reaction time in CaCOj3 spontaneous precipitation
experiments. Table S1. Assignment of IR bands in the FTIR spectra of 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC). Table S2. Assignment of IR bands in the FTIR spectra of 1,2-dimyristoyl-
sn-glycero-3-phospho-L-serine (DMPS). Table S3. Assignment of IR bands in the FTIR spectra of
11,2-dioleoyl-sn-glycero-3-ethylphosphocholine (EPC). Table S4. Hydrodynamic diameter (d},) and
zeta potential ({) of liposomes. Table S5. Assignment of IR bands in the FTIR spectra of precipitate
formed after 60 min in calcium phosphate control system. Table S6. Assignment of IR bands in
the FTIR spectra of precipitate formed after 60 min in calcium phosphate system containing DMPC
liposomes. Table S7. Assignment of IR bands in the FTIR spectra of precipitate formed after 60 min
in calcium phosphate system containing DMPS liposomes. Table S8. Assignment of IR bands in
the FTIR spectra of precipitate formed after 60 min in calcium phosphate system containing EPC
liposomes. Table S9. Assignment of IR bands in the FTIR spectra of precipitate formed after 60 min
in calcium carbonate control system. Table S10. Assignment of IR bands in the FTIR spectra of
precipitate formed in calcium carbonate system containing DMPC liposomes. Table S11. Assignment
of IR bands in the FTIR spectra of precipitate formed in calcium carbonate system containing DMPS
liposomes. Table S12. Assignment of IR bands in the FTIR spectra of precipitate formed in calcium
carbonate system containing EPC liposomes.
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