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Abstract: Former studies have demonstrated a strong interest toward the crystallization of CaCOj3
polymorphs in solution. Nowadays, CaCOj crystallization on solid surfaces is extensively being
studied using biomolecules as substrates for the control of the growth aiming at various applications
of CaCQOg3. Calcium carbonate exists in an amorphous state, as three anhydrous polymorphs (arag-
onite, calcite and vaterite), and as two hydrated polymorphs (monohydrocalcite and ikaite). The
vaterite polymorph is considered as one of the most attractive forms due to its large surface area, bio-
compatibility, mesoporous nature, and other features. Based on physical or chemical immobilization
approaches, vaterite can be grown directly on solid surfaces using various (bio)molecules, including
synthetic polymers, biomacromolecules such as proteins and peptides, carbohydrates, fibers, extra-
cellular matrix components, and even biological cells such as bacteria. Herein, the progress on the
modification of solid surfaces by vaterite CaCOjs crystals is reviewed, focusing on main findings and
the mechanism of vaterite growth initiated by various substances mentioned above, as well as the
discussion of the applications of such modified surfaces.
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1. Introduction

In nature, a variety of organisms use biomolecules with functionalization to induce
biomineralization and crystallization of calcium carbonate polymorphs with controlled
size, texture, and morphology [1,2]. Evidently, the formed calcium carbonate crystals
have diverse properties such as varying stability, solubility, the potential controlled re-
lease of any contained biomolecules, and the modification of surfaces of biomolecular
substrates [3]. Former studies have shown that vaterite can be synthesized in solution con-
taining biomolecules, such as proteins, polypeptides and polysaccharides, and is now being
immobilized on the surface of biomolecules, as the acidic segments of these biomolecules
act as growth modulators. The biomolecules have strong binding to certain mineral poly-
morphs of calcium carbonates, which in turn favours the formation of vaterite by inhibiting
synthesis of other polymorphs. The biomolecules, which are to be incorporated into calcium
carbonate, deprotonate acidic groups on their surface at alkaline pH with more affinity
towards certain calcium carbonate crystal planes, leading to vaterite formation at such
surfaces [4].

Generally, calcium carbonate solidifies into three anhydrous polymorphic forms in-
cluding aragonite, calcite and vaterite. Two hydrated crystalline polymorphs are also
known, namely monohydrocalcite (CaCO3-H,0) and ikaite (CaCO3-6H,0); besides this,
CaCOs3; may also exist in its amorphous form [5,6]. Vaterite is the rarest form of anhydrous
CaCOj3 due to its inherently low stability and the tendency to re-crystallise into the more
thermodynamically stable polymorph—calcite. The vaterite polymorph is, however, a
naturally derived mineral that can be found in nature or synthesized in a laboratory set-
ting using simple methods [7], such as via simple mixing methods [8]. Simultaneously,
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vaterite is an alluring polymorph of CaCOs in material science studies due to its potential
applications in drug delivery, regenerative medicine, and bone implants [9]. The direct
superficial crystallization of vaterite is beneficial for the creation of biocompatible surfaces
and targeted drug particles [4,10-12]. Vaterite is generally prepared in the laboratory using
calcium chloride and sodium carbonate [13]. Its vaterite form is more beneficial for research
purposes due to its wide range of applications [14]; owing to its inherent biocompatibility
and biodegradability [7], as well as the capacity to host large amounts of bioactive com-
pounds due to its mesoporosity [15,16]. Hence, the synthesis of vaterite with controlled
size and morphology is recently a major field of interest [17] and will be the polymorph of
focus for this review. It is worth mentioning the immobilization of other polymorphs is of
great interest, but this topic is out of the scope of this review and will be considered in our
future research.

It is widely accepted now that biomolecules can be used as solid templates for the
biomineralization of vaterite CaCOj. Proteins, peptides and polysaccharides are important
growth mediators for the crystallization of vaterite on their surfaces, via assisting in its
crystallization. Various proteins, being hydrophobic in nature, also assist in the formation
of CaCOj3 nucleation [18,19]. Former studies engrossed in the design of solid models to
inspect the effect of macromolecules on the nucleation and growth of CaCOj3 crystals as cell
membranes of biomolecules that may act as a template for the biomineralization of calcium
carbonates [20-27]. Vaterite crystallization on solid substrates is assisted by physical and
chemical immobilization approaches as aforementioned [28]. The physical immobilization
approach entails the nucleation of vaterite crystals at the expense of electrostatic, hydrogen
bonding and other non-covalent interactions, leading to the adsorption of crystalline
material on solid surfaces. Where chemical immobilization involves the binding and
growth of vaterite crystals onto the solid surfaces via covalent binding [1,29]. The CaCOs
crystals have also been used to modify titanium metal surfaces; after having been deposited,
the organic system mimics the bone tissue chemical and physical features. It was indicated
in former studies that the bioactive and osteoconductive features of vaterite is one of the
profuse biominerals present in nature [30].

Despite vaterite crystallization in the presence of various substances being well studied
and reported in literature, formation of vaterite onto solid surfaces upon its crystallization
is covered only by a rather limited number of studies, so far. These substances include
various (bio)molecules like synthetic polymers, biomacromolecules as proteins and pep-
tides, carbohydrates, fibers, extracellular matrix components and even biological cells
such as bacteria. Control over the crystallization of vaterite onto a solid surface is still a
challenge and the understanding of this process is of high importance in both industry and
fundamental research. Herein, this review illustrates the progress in the immobilization
of CaCQOg vaterite on solid surfaces via chemical and physical processes governed by a
number of active compounds mentioned above.

2. Modification of Various Surfaces with Vaterite CaCO3
2.1. Peptide Modified Surfaces

Vaterite can be crystallized onto inorganic surfaces via use of biomolecules such as
peptides carrying acidic side groups. The direct immobilization of vaterite can be conve-
nient for the design of biocompatible surfaces; for instance, there is an interaction between
surface bound oligo (glutamic acid) polypeptides and CaCOj; polymorphs (mainly vaterite).
The thiol-terminated oligo (glutamic acid) peptide (Figure 1) attached to a gold substrate
acts as a model surface; and when interacting with calcium ions, acts as a template for the
precipitation of vaterite. Herein, the structural composition of oligopeptides chemically
attached to the gold substrate is the main driving force for the mineralization of vaterite. As
a result, a high affinity between the carboxylic groups of the peptide and calcium ions sup-
presses calcite growth, and favours vaterite formation. Calcium ions bound to the peptide
surfaces act as linking agents of which also promotes structural changes in peptide con-
formation, leading to the formation of vaterite. The formation is due to a “self-templating
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process” in which calcium favours the formation. Thus, calcium ions modify the oligo
(glutamic acid) peptides acting as a precursor, and self-template the vaterite structure [31]
(Figure 1).
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Figure 1. Schematic drawing of Glu5 peptide layer on Au when interacting with CaCOj3 precursors.
This Figure is adapted with permission from [31].

Vaterite formation brought about by the self-templating process discussed above was
characterized using x-ray diffraction (XRD). The characterization was done using a reference
surface dodecanethiol (DDT) self-assembled monolayer. The biomineralization of CaCO3
polymorphs on peptides attached to the gold surface was studied using x-ray diffraction
(Figure 2). The 26 value of 32.8° is assigned to vaterite and confirms its crystallisation and
stability on the peptide-coated gold substrate, whilst the reference monolayer DDT favours
the formation of calcite (Figure 2). The biomineralization of vaterite on the functionalized
gold substrate was further confirmed by scanning electron microscopy (SEM). The spherical
vaterite can be seen on the surface, whilst the reference DDT monolayer shows the typical
cubic calcite structures on its surface [31] as shown in Figure 2. Hence demonstrating the
selective growth of vaterite upon peptide-functionalized surfaces. The next section below
evaluates the growth of vaterite upon cellulose surfaces.
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Figure 2. (1) XRD pattern of calcium carbonate formed on Glu5 peptide (red) and DDT (black) mono-
layers on Au substrate. (V) Vaterite; (C) Calcite. (2) SEM images of calcium carbonate polymorphs
formed on DDT: calcite (a,b) and Glu5 peptide monolayers: vaterite (c,d) on Au. This Figure is
adapted with permission from [31].
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2.2. Cellulose Surfaces

Vaterite immobilization is typically done using a physical immobilization approach,
as opposed to chemical approaches. Here, cellulose can be used as an anchor for calcium
carbonate nucleation. Cellulose consists of glucose units and is an important biomass
present in nature. Cellulose can be employed as a substrate leading to the formation of
CaCOs polymorphs on its surface. Cellulose and vaterite nanocomposite materials have
excellent cytotoxicity, along with an elevated protein adsorption capacity—ideal for local
drug delivery and tissue engineering applications. Results have shown that calcium ions
adsorb to the hydroxyl groups along the cellulose backbone; carboxylic groups present
on the surface of cellulose also contribute by accumulating calcium ions, leading to the
nucleation of CaCOj3 polymorphs and crystal growth [17] (Figure 3).
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Figure 3. Design for the formulation of cellulose/vaterite nanocomposites by the sono-chemical
method. Adapted with permission from [17].

Studies have shown that cellulose favours the formation of CaCO3 polymorphs. XRD
and SEM confirmed the formation of vaterite on the surface of cellulose; SEM was used to
study the morphologies of prepared vaterite and calcite samples. The samples prepared
without cellulose were a mixture of porous vaterite and polyhedral calcite (Figure 4a),
whereas in the presence of cellulose, the sizes of vaterite and calcite decreased, and a
greater number of crystals were present on the surface (Figure 4b). An increase in cellulose
concentration to 1.01 and 2.03 mg/mL resulted in calcite formation (Figure 4c,d). When the
concentration of cellulose was increased to 4.05 and 8.10 mg/mL, there was a binding of
vaterite onto cellulose, no individual vaterite crystals and calcite formation was suppressed
(Figure 4e,f). The image F-2 shows that rice-shaped nanoparticles are formed from vaterite
nanospheres [17].

XRD (Figure 5) demonstrated that vaterite and calcite crystals formed without cellulose
were hexagonal and rhombohedral, whereas the presence of cellulose suppresses calcite
formation leading to the formation of more vaterite crystals at 260 = 22.6°. By increasing
cellulose concentration further, calcite crystallization was inhibited completely and vaterite
was formed. Hence, cellulose plays a crucial role during the crystallisation of CaCOj3
polymorphs, and controlled abundancies of both calcite and vaterite can be formed by
tuning the cellulose concentration [17].
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Figure 4. SEM images of the products prepared with different cellulose concentrations: (a) the
control sample obtained without cellulose; (b) 0.51 mg mL~?; (c) 1.01 mg mL—1; (d) 2.03 mg mL~};
(e) 4.05 mg mL~1; (f) 8.10 mg mL~L. This Figure is adapted with permission from [17].
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Figure 5. XRD patterns of the products prepared with different cellulose concentrations: (a) the
control sample obtained without cellulose; (b) 0.51 mg mL~%; () 1.01 mg mL~%; (d) 2.03 mg mL~;
(e) 4.05 mg mL~1; (f) 8.10 mg mL~L; (g) 16.20 mg mL~1; (h) 32.40 mg mL~1. Taken with permission
from [17].

The results confirmed that when cellulose is in low concentrations it has a repressing
impact on the transformation of vaterite to calcite, in turn promoting the formation of
vaterite crystals. Vaterite immobilization onto cellulose causes an increased cytotoxic effect
and a high protein adsorption capacity of cellulose.

The cytotoxicity test of the cellulose/vaterite nanocomposite was conducted using
MTT assay on the cholangiocarcinoma cell line (Figure 6.1). The results indicated that
the cell viabilities remained higher than 94% when the cells were cultivated with cel-
lulose/vaterite hybrids, implying that the cellulose/vaterite nanocomposites have ex-
ceptional cytocompatibility. The hemoglobin (Hb) adsorption on the surface of cellu-
lose/vaterite was probed at various Hb dilutions by Fourier transmission infrared (FTIR)
spectroscopy as shown in Figure 6.2. The peak at 1659 cm~!, due to Hb fragments be-
fallen after adsorption, indicated that the Hb has been productively adsorbed onto the
vaterite/cellulose nanocomposites [17]. This implies that vaterite-laden surfaces may be
coated with a variety of bioactive macromolecules (e.g. proteins, polyamino acids) for the
increased specific bioactivities of such surfaces (i.e. cellular adhesion and proliferation,
antimicrobial properties).
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Figure 6. (1) Cytotoxicity tests of the cellulose/vaterite nanocomposites, and (2) FTIR spectra of pure
Hb (a) and the cellulose /vaterite nanocomposites after (b) and before (c) Hb adsorption. This Figure
is adapted with permission from [17].

The section below describes how vaterite crystals can be grown onto a surface of
microfibrillar cellulose. The initial material obtained was lignocellulose, and by acid and
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oxidative treatment, it was converted to microfibrillar cellulose (MFC). The crystallization
of CaCO3 on microfibrillar cellulose surface was performed by treatment with CaCl,
and NayCOs. As vaterite is a substance important in (bio)material science due to its
applications in drug delivery, it is typically crystallized in bulk solution, but herein the
physical immobilization approach was used to synthesize vaterite on cellulose to produce
an additive-free functional vaterite coating on an organic matrix in order to increase the
loading and unloading of bioagents for drug delivery.

SEM images were obtained for CaCOj crystals grown upon the surface of microfibrillar
cellulose. The images demonstrate the formation of 1-2 micron-sized vaterite crystals. It is
generally accepted that shape of calcium carbonate crystal refers to polymorph, thus, in this
case, spherical is related to vaterite formation, along with typically high surface porosity.
The smaller size of vaterite here is attributed to the effect of microfibrillar cellulose, which
directed the crystallization of vaterite. The majority of the formed crystals were present
on the surface of the substrate, although few of them were in bulk solution also—this may
be regulated by the microfibrillar and CaCl, interaction. Critically, the majority of the
crystals remained adsorbed to the surface, even after multiple washing stages—which was
an indication of successful solid-surface immobilization of vaterite, and modification of the
surface of the substrate [32] (Figure 7).

Figure 7. Representative SEM images showing (a) the overview of MFC coated with CaCOj crystals
in water and (b) enlarged surface of MFC-CaCOj3. The Figure was adapted with permission from [32].
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The loading capacity and morphology of CaCOj3 formed on the cellulose substrate and
in bulk was compared. Vaterite-MFC hybrids were loaded with protein bovine serum albu-
min labelled by tetramethylrhodamine (BSATRITC). The loading proficiency of BSATRITC
was 70 wt.% for CaCOj crystals formed in bulk, and 60 wt.% for MFC-CaCOj3, respectively.
The encapsulation values confirm the formation of vaterite on the MFC substrate, in turn
confirms the modification of MFC by vaterite growth. Along with the encapsulation ef-
ficiency, the release of BSA for CaCO3; and MFC-CaCO3; was determined, i.e., release of
60 and 55 wt.% respectively. The SEM images of BSATRITC Joaded CaCO; prepared in
bulk and on the surface, after one week of incubation in water (Figure 8a,b) and in the dry
state (Figure 8c,d) are shown. The wet samples recrystallized to calcite, with a rhombo-
hedral structure after one week of incubation in water, as is typical for vaterite stored in
aqueous solutions [33]. The CaCO3; and MFC-CaCOj dried and kept in air remained as
vaterite, even after one week. The results confirmed that microfibrillar cellulose contain-
ing vaterite CaCOj crystals upon its surface is a promising template to store and release
bioactive agents for drug delivery. The size and morphology of particles can be controlled
by varying the MFC concentration. Thus, the modification of microfibrillar cellulose via
growth of vaterite provides insight into enhanced properties of such surfaces, with the
ability to actively transport bioactive substances and to form scaffolds with improved
morphology. The anticipated method for the assembly of vaterite crystals upon a solid
substrate (such as, for example, MFC) enables novel applications in biomedical science and
opens new ways for the simple, reproducible, and up-scalable production of vaterite on
surfaces. As for the future, there is a frantic need for vaterite commercialization within
the biomedical and material science sector. The vaterite polymorph is a promising carrier
for delivering drugs and bioactive agents for clinical applications [32]. It is of note that
vaterite has successfully been utilized to assemble polymer-based structures, such as the
layer-by-layer assembled capsules [34] or polymer beads (i.e., pure protein particles [35,36]).
This approach is based on sequential deposition of polymers upon the surface of vaterite
crystals, followed by decomposition of the vaterite matrix, and finally, the formulation
of a polymer-based network (so-called capsules or particles). If pre-loaded with protein,
followed by the cross-linking of such proteins; when vaterite undergoes dissolution, a
pure protein particle is formed—of which replicates the inverse structure of the vaterite
crystal [37-40]. Such polymer particles can be very stable and easily tuned if no significant
ionic stresses take place during the dissolution of vaterite [41]. This approach allows
for the encapsulation of various bioactive molecules at mild conditions with a controlled
loading mechanism (e.g. proteins and enzymes as well as small drugs) [15,16,42-46] and
demonstrates simple methods of release via external stimuli such as temperature and
ionic strength [47,48] variations of which are relevant to biomedical applications such as
implant coatings [49,50]. It is of note that bioactive molecules can be themselves a solid
matrix treated by the layer-by-layer deposition, for instance, protein aggregates [51,52].
Temperature controlled additive-free formulation of vaterite crystals with adjusted pores
and dimensions from nano- to macro-level [32,53] makes the vaterite-based encapsulation
a new paradigm for controlled drug delivery via free-standing drug-loaded structures.
Recently, vaterite cores have been employed for the assembly of large structures, such as
tailor-made polymer-based porous scaffolds [54,55]—illustrating its use as a versatile yet
affordable biomaterial for future medical and clinical use.

2.3. Collodion Membrane

CaCOjs crystals produced using the carbon dioxide dispersion approach have been
paired with collodion tissue to stimulate the directional growth of such crystals. The
collodion membrane directed the formation of hexagonal vaterite crystals at 28 °C. The
membrane bio-mimics the organisms forming CaCOj3, favouring the biomineralization of
CaCOs polymorphs. The hydroxyl group present on the collodion membrane interacts with
calcium ions provided by CaCl, to favour vaterite synthesis but may also yield various
types of crystals [56,57].
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Figure 8. SEM images of CaCOj crystals formed on the MFC surface (a,b) and CaCOj crystals formed
in the bulk solution (c,d). (a,c) MFC-CaCOj3 hybrids and CaCOj crystals were stored dry in the air
for one week; (b,d) MFC-CaCOj3 hybrids and CaCOj crystals were incubated in water for one week.
In all samples, CaCO; crystals were loaded with BSATRITC via co-synthesis (Cp is 0.33 mg mL ™).
This Figure was adapted with permission from [32].

The structure of the monomer forming the collodion layer is shown in Figure 9, this
monomer binds to calcium ions to guide the formation vaterite CaCOs. Each calcium ion
has five coordination sites of which can bind to the monomer of the collodion membrane.
There are five oxygen atoms providing five sites present in the monomer that can bind with
these five coordination sites of calcium. The distance between one of the two oxygen atoms
was determined to be 4.16 A, and this distance matches the ab plane of vaterite which
formed as result of binding of calcium on the monomer. This induces the initial formation
of vaterite by the membrane as compared to other polymorphs [57].

Oxyvgen atom Hydrogen atom Carbon atom

Figure 9. Stereo structure of a monomer produced the collodion membrane. The monomer binds to
calcium ions for vaterite growth. This figure is adopted with permission from [57].
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Different temperatures used in the growth process of CaCOj affect the resultant
polymorph formed, as temperature is of the many factors in the synthesis process. The XRD
pattern of CaCO3 polymorphs obtained at different temperature are shown in Figure 10.
The obtained Bragg peaks are marked with symbols A, C and V, which are related to
aragonite, calcite and vaterite, respectively. At 28 °C, a mixture of calcite and vaterite
formed (Figure 10a), but when temperature was increased to 40 °C, only aragonite was
present (Figure 10b). The peaks corresponding to the formation of vaterite vanished when
the temperature was increased to 70 °C. The further increase in temperature from 70-75 °C
confirmed the co-existence of aragonite and calcite [57] (Figure 10c,d).
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Figure 10. XRD patterns of the samples obtained at different temperatures: (a) 28 °C, (b) 40 °C,
(c) 70 °C, and (d) 75 °C. (C: calcite; V: vaterite; A: aragonite). This Figure is adopted with permission
from [57].

2.4. Protein Surfaces

In nature, living organisms have the ability to produce minerals with unique func-
tionalities via biological processes. Researchers have been inspired by the structure and
biomineralization activity of mollusks shells, which has led to the formation of CaCOj3
minerals. Biomineralization includes the effect of various biomolecules, including proteins,
in the growth of minerals. The proteins act as templates for the growth and nucleation of
CaCOs; polymorphs with different morphologies. Former studies confirmed the use of sin-
gle proteins for biomineralization, but the single protein does not have sufficient versatility
assuring the formation of minerals. Genetic studies have confirmed that several proteins
are needed to achieve the biomineralization process that occurs in natural organisms, such
as mollusks’ shells. Herein, biomineralization is achieved using different proteins with
different functionalities, and in turn leading to the formation of novel materials [58-61].

The multifunctional protein coined ChiCaSifi was designed to induce the crystal-
lization of CaCOj3 polymorphs, including vaterite, on its surface. The protein ChiCaSifi
contains the chitin protein (Chi) obtained from the plasmid pTWINT1, the “calcium attach-
ing” protein is obtained from oyster—(Ca), and (Sifi) as a silk fibroin protein. Thus, it
has multiple approaches for modulating the direction of CaCO3 formation. The chitin
segment of the multicomponent protein improves the interaction between the protein and
substrate. Both the chitin matrix and silk fibronin drives the crystallization of CaCOj3 of
varying morphologies. Hence, all the proteins involved have different functions and serve
as a mediator for CaCOj3; growth like that occurring naturally in mollusks. Impacts of
ChiCaSifi in controlling the formation of specific CaCO3 polymorphs on the chitin surface
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were proved. Structural changes of ChiCaSifi were evidenced and related to its functions
on mineralization; these observations indicate that rationally designed proteins with func-
tional domains of mineralization proteins can be effective tools in materials synthesis. This
may not only provide an insight into the formation of natural biomaterials, but also open a
new avenue in the design and synthesis of novel organic-inorganic composite materials.
In short, this multicomponent protein was produced using E. coli and was bound to the
chitin matrix via a chitin binding protein in its structure. The chitin matrix absorbed the
calcium ions present with the aid of the calcium binding protein in ChiCaSifi, and the
mineralization begins. The alpha helix of silk fibroin protein stabilizes the as prepared
CaCOs. Herein, when the binding interaction between ChiCaSifi and chitin was increased,
the formation of vaterite was observed on the chitin surface. The biomineralization process
of CaCQOj; intervened by ChiCaSifi on the chitin surface [62] is illustrated in Figure 11.
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Figure 11. Schematic of CaCO3 mineralization directed by ChiSifiCa on the surface of chitin. This
Figure is adapted with permission from [62].

The attachment of ChiSifiCa on the surface of chitin provides a microenvironment to
induce the nucleation and growth of CaCOj3 and shuttle-like CaCO3 minerals observed
(Figure 12a). The shuttle-like minerals were assembled by nanoparticles (Figure 12b), as is
typical for vaterite. The interior alignment of nanoparticles was well oriented as illustrated
by the direction of arrow, but some holes has been shown indicating that internal nanopar-
ticles remained liquefied. The size of CaCO3; minerals and holes increased to micrometer
with semi-sphere morphology of particles within 5 min of reaction (Figure 12c). Within
30 min of mineralization reaction, the holes were enclosed by assembly of nanoparticles on
top of the semi-spherical minerals - leading to the formation of spherical shaped vaterite
particles (Figure 12d). Within 60 min of reaction time, the intact spherical vaterite minerals
were formed (Figure 12e). Therefore, this study demonstrated that the protein ChiCaSifi
plays an important role in the formation of vaterite, as it was the preferred polymorph in
this process. Hence, multicomponent proteins can be designed according to their specific
functions for use as biomineralization tools [62].

Fibrin is the protein by-product of blood coalescence, and it was found to be a solid
substrate favoring the immobilization of vaterite on its surface. The vaterite crystals were
grown on the surface of fibrin by the constant composition technique; the supersaturated
CaCO;s solutions were used. Fibrin stabilizes the CaCO3 polymorph and prevents the trans-
formation of vaterite to calcite. High supersaturation along with experimental conditions
of a temperature of 25 °C and a constant pH of 8.5, increased the stability of CaCO3; and
thus prevents the phase transformation from vaterite to calcite [63].
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Figure 12. SEM images of CaCO3 minerals on the surface of chitin. (a) Low and (b) high magnification
of minerals obtained in 1 min of mineralization, (c) 5 min, (d) 30 min, (e) 60 min. (e, inset) The equator
of mineral. Scale bar in the inset is 200 nm. The equator of the minerals was pointed by red arrows.
(f) Minerals obtained in the absence of protein. The figure is adapted with permission from [62].

The crystallization of vaterite on fibrin was confirmed by SEM, FTIR spectroscopy
analysis and XRD patterns. SEM was used to study the morphology of immobilized
vaterite crystals onto fibrin. The SEM image of the fibrin substrate and spherical vaterite
crystals is shown on fibrin are presented in Figure 13.1,2. The FTIR spectrum exhibited the
characteristic absorption peaks for vaterite formation at 1480, 1070, 873, 848 and 795 cm !
respectively (Figure 13.2). The XRD spectrum exhibited characteristic hkl values, confirming
the formation of vaterite on the fibrin surface (Figure 13.3). The results therefore confirmed
the immobilization of vaterite on fibrin [63].
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Figure 13. (1) Scanning electron micrographs: (a) fibrin substrate; (b) vaterite crystals on fibrin, Ca5
"3]10~3M, pH"8.5, 253C; (2) FTIR spectra of: (a) fibrin; (b) vaterite grown on fibrin, and (3) Powder X-
ray diffraction spectra of: (a) fibrin; (b) vaterite grown on fibrin. Adopted with permission from [63].
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2.5. Polymer Grafted Surfaces

Biominerals show association with biomolecules due to the presence of specific func-
tional groups leading to the synthesis of mineral polymorphs. The biomolecules such as
proteins and polypeptides control the size of particles formed, as well as the morphology
of particles immobilized on their surface. One study shows the effect of an insoluble matrix
and soluble organic additives on the crystallization of CaCOj3. The proper use of polymer
items for the handling of inorganic substances results in the formation of a modern class of
organic/inorganic materials which have distinctive properties. The effect of water-soluble
macromolecules as soluble additives on the crystallization of CaCO3 and the collaborative
impact of soluble additives and insoluble matrices on the formation of CaCOj crystals
is pronounced. The crystallization scheme of CaCOj3, structure of soluble additives and
insoluble matrix used in this study have been shown schematically in Figure 14 [59].

(a)

CaC0, Saturated Aqueous Solution

l ‘ Soluble Additive

Insoluble CaCO, Crystal
| Matrix ' |

Glass Substrate

(b) (c)
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Figure 14. (a) Scheme for the crystallization process of CaCOj in the presence of soluble additives
and insoluble matrices, (b) Structures of insoluble matrices and (c) Structures of soluble additives.
This Figure is adapted with permission from [64].
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CaCOj3 grown on a glass substrate, coated with insoluble matrix resulted in the forma-
tion of three polymorphs of CaCOj3, and the morphology of the prepared crystals has been
observed using SEM. The SEM images confirmed that in the absence of a soluble additive
and an insoluble matrix, the thombohedral calcite crystals are formed on a glass substrate
(Figure 15a). The use of polyacrylic acid (PAA) or polyacrylic amide (PAAm) as soluble ad-
ditives leads to no crystal growth, as PAA/PAAm inhibit the immobilization of CaCO3 on
the glass substrate. When the glass substrate had adsorbed (polyglutamic acid) PGA/DNA
(deoxyribonucleic acid), spherical vaterite crystals were grown [64] (Figure 15b,c). The XRD
diffractogram of the CaCOs3 polymorph obtained on glass adsorbed with PGA confirmed
the co-existence of calcite and vaterite (Figure 15d) and no crystallization was observed
in the presence of PAA. The PAA has the same carboxylic acid fraction as PGA but gave
different results. Thus, it has been confirmed that the configuration of the polymer has an
influence on the crystallization process [64].

@ T
“oo | Vaterite z l
-é. oo | l I‘ Calcite l‘.
£ Vatarite i | 1
il l (l\ ll | l Ii |
' ' f ||

m: J\'W/ l\-jl \-/\.‘/ ~\., "
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Figure 15. SEM micrographs of CaCOj crystals grown on a glass substrate; (a) in the absence of
macromolecules; (b) in the presence of PGA; (c) in the presence of DNA. (d) X-ray diffraction pattern
of CaCQOj crystals. Soluble additive: PGA, 5.0 x 10~3 wt.%. Insoluble matrix: none. This Figure is
adapted with permission from [64].

The cooperative effect of soluble additives and insoluble matrices was studied by
choosing poly (2-ethylacrylic acid) and chitosan as an insoluble matrix, coated on a glass
substrate. In the presence of insoluble matrices without additives, the rhombohedral calcite
polymorph was grown. CaCOj3 was then prepared in the presence of soluble additives
containing functional groups; when PAA/PAAm were used as additives there was no
crystallization of CaCO3, whereas, in the presence of DNA as a soluble additive, spherical
vaterite was formed on the substrate. Remarkably, CaCOj crystals grew on the chitosan
matrices when polyacrylic acid/ polyglutamic acid (PAA/PGA) were used. The effect of
PAA and PGA as soluble additives on immobilization of crystals is different when the
CaCOs crystallization is performed on the glass substrate coated with poly (2-ethylacrylic
acid) or chitosan. Though, on the chitosan matrices, both polymers PAA /PGA led to the
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formation of a thin film of CaCOj3, due to the interaction of the carboxylic group of the
polymers and the amino group of chitosan. The inorganic/organic composites, which can
be referred to as hybrid structures [65], stated here may provide new biomimetic tools with
specialized mechanical and biological properties [64].

The synthesis of vaterite was studied using the biomineralization approach and the
with a chitosan substrate containing regenerated silk fibroin (RSF). This biomineralization
system resembles the natural system of molluscs, wherein chitosan, the alternative of chitin,
and regenerated silk fibroin resemble the silk protein present in pearl shells. Indeed, RSF
controlled the CaCOj crystallization on the chitosan surface (substrate). By controlling the
pH and temperature, different CaCOj3; polymorphs can be formed on the surface of chitosan;
this is typical for the controlled precipitation of various CaCOj3 polymorphs [66,67]. The
process of nucleation starts with the hydrophobic aggregation of RSF; CaCOj is attracted
to the RSF via electrostatic forces. The RSF/CaCOj; hybrid formed initially was adsorbed
onto the chitosan substrate by hydrogen bonding between -CONH and -NH; groups, and
this leads to vaterite growth. The continuous nucleation leads to the formation of disc like
vaterite crystals. The possible mechanism has been shown (Figure 16) [68].

/ o Y /
o ¥ ~' o v
-*O - y b
N &d- ¢,oa iy “9
& VY mm) & : —
o~ ™9 0
™ bulk 4
P & solution ¢

" silk fibroin (random) # hybrid CaCO,/RSF .- silk fibroin (3-sheet)

particle

Figure 16. Mechanism of the formation of disk-like CaCOj: (a) nucleation of CaCOj3 due to the
adsorption of RSF and CaCOj3/RSF hybrid nanoparticles; (b) accumulation of CaCOj3/RSF hybrid
nanoparticles inducing growth of the disk-like crystals. The figure is adapted with permission
from [68].

The silk fibroin influences crystal growth; SEM and XRD studies showed that RSF
influenced the morphology and polymorphism of CaCOj3 particles. At low pH calcite was
formed, while spherical vaterite was formed at elevated pH. Results demonstrated that
without silk fibroin in the solution there were more vaterite crystals, and they transformed
into calcite within a week (Figure 17a,e). However, at 0.01% RFS, vaterite of ellipsoidal
shape and rhombic calcite were grown on the chitosan substrate (Figure 17b,e), and when
the concentration was increased to 0.1% and 1% w/w, only the vaterite form was present
(Figure 17c,e) at a pH value of 7.9 [68], as supported by XRD. Such results confirmed the
formation of vaterite crystals on the surface of chitosan membrane assisted by regenerated
silk fibroin protein [68].
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Figure 17. CaCOj3 products grown on chitosan membranes with a range of concentrations of RSF at
initial pH 7.9 for 1 day. (a) 0% (w/w), (b) 0.01% (w/w), (c) 0.1% (w/w), (d) 1% (w/w), and (e) XRD

patterns of CaCOj3 products above. “c” = calcite; “v” = vaterite. This figure was adapted with
permission from [68].

2.6. Fibres

Previous studies confirmed that organic matrices consist of a soluble and insoluble
matrix; the soluble part is provided by anionic biomolecules such as peptides and proteins.
The insoluble matrix is formed by hydrophobic scaffolds like collagen and chitin,and leads
to the nucleation of CaCOj3 polymorphs. The soluble biomolecules adsorbed onto the
insoluble matrix surface can act as a scaffold for the immobilization of CaCOj3 on the
surface of the biological substrate. Herein, this study demonstrated the participation of the
functional groups of polyamide fibres present on the insoluble matrix surface for growth
of CaCOj;. The insoluble polyamide matrix contained polyalanine and polyglycine in
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their structure for initiating the growth of vaterite. This matrix also contains domains
of Nylon 66 and Kevlar 29 in their lattice structure. The carboxylic groups and amine
groups present favored the growth of vaterite particles in the presence of the water soluble
additive polyvinyl alcohol. The functional groups of polyamide promote the nucleation
of calcite, but here, with the addition of poly(vinyl alcohol), the selectivity was enhanced.
The unmodified (without acid/base treatment) polyamide with PVA favoured vaterite
nucleation and the chemically modified form of polyamide with PVA favoured aragonite
nucleation. The modified polyamide (with acid/base treatment) favoured the formation of
aragonite. Untreated polyamide adsorbed with PVA gave 81% vaterite, along with calcite on
the surface of Nylon 66 and Kevlar 29 (polyamide fibres). Morphological characterization
of the polymorphs was done using SEM, and the nature of the crystal lattice was identified
using XRD. The XRD pattern and SEM micrographs confirmed that a higher concentration
of PVA gave only the vaterite polymorph (Figure 18.1) with a minor amount of calcite [69]
(Figure 18.2).

(1) (2)

\Y % V  Untreated Kevlar 29 and

2000 ppm PV

v v Untreated Kevlar 29 and

"H AN \ : C J 200 ppm PVA
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ﬁw
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Figure 18. (1) Representative SEM images of the vaterite phase grown on untreated Nylon 66 in the
presence of 200 ppm (a) and 2000 ppm PVA (b); untreated Kevlar 29 in the presence of 200 ppm
(c) and 2000 ppm PVA (d); and (2) Representative powder XRD patterns of the calcium carbonate
polymorphs formed on untreated fibres in the presence of PVA. The diffraction peaks that correspond
to calcite and vaterite phases are indicated by C and V, respectively. Taken with permission from
reference [69].

2.7. Extracellular Matrix Substances

The effect of the extracellular polymeric substance (EPS) layer obtained from Rhodococ-
cus opacus bacterial strain was studied on the morphology and growth of CaCOj3 on the
mica substrate. Different fractions of EPS were spread on the mica surface via spin coat-
ing to observe the influence on CaCOj; synthesis. Vaterite (as well as silica) micro- and
nanoparticles have been used to functionalize the substrates using spin-coating [70]. H.
Riegler has developed a theory of how particles are adsorbed upon spin-coating. The
vapour diffusion method was adopted for the nucleation of CaCO3 on mica assisted by EPS.
The schematic representation of CaCOj3; mineralization is shown in Figure 19. The mica
slides were immersed in plastic boxes containing CaCl, solution and, NaOH was used to
stabilize pH. The plastic boxes were kept in a desiccator containing NH4COj3 to complete
the synthesis of CaCO3. SEM was used to study the morphology of formed crystals, Raman
spectroscopy and XRD patterns were taken to determine the polymorphs produced [29], as
shown in Figure 20.



Micromachines 2022, 13, 473 18 of 24

mica plate
immersed
in CaClp
solution

—~— {NH4),CO3

Figure 19. Schematic representation of experimental system for calcium carbonate mineralization.
The figure is adapted with permission from [29].
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Figure 20. (a) Representative SEM images of calcium carbonate microcrystals deposited on the
mica surface at natural and basic initial pH, (b,c) Raman spectra and XRD spectra of calcium car-
bonate deposited on bare mica (C-calcite, V-vaterite). The figure is adapted with permission from
Reference [29].

The results were obtained after 1 and 3 days of synthesis at natural initial pH and at pH
11, respectively (Figure 20a). At the initial pH, the rhombohedral (calcite) and lens shaped
vaterite crystals were obtained; with a longer period of crystallization, rhombohedral
crystals with altered structure were formed. This was an indication of the phase transfer
from more soluble polymorphs to less soluble forms, i.e., calcite. The crystals obtained
at pH 11 were rosetta shaped, indicating the synthesis of vaterite [29], a similar structure
was observed in previous studies [71,72]. The results obtained from XRD and Raman
spectroscopy confirmed the presence of a mixture of calcite and vaterite on the mica
substrate (Figure 20b). The results demonstrated that after one day at natural pH, 83%
vaterite was present and, after three days, 18% remained, but the three-day growth of
vaterite at pH 11 gave 93% of vaterite polymorph. These results indicate that the water-
soluble fraction of EPS fluid favoured vaterite dissolution and calcite nucleation, and the
total EPS stabilizes vaterite at basic pH. Hence, the crystal size and polymorphic form
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CaCOj; can be controlled by the EPS obtained from Rhodococcus opacus, and by of the
functional groups present in EPS fractions [29].

Layer-by-Layer (LbL) assembled polymer networks (so-called multilayers) can serve
as an artificial extracellular matrix being deposited at solid surfaces; this allows for the
inclusion of multiple components to achieve multifunctional properties that are indispens-
able for mimetics/regulation of dynamic and complex biological structures [73-77]. Such
multilayers are complex structures with their internal structures and formation mecha-
nisms still under investigation. Understanding the activity of biomacromolecules as their
components is essential [78,79] in the LbL films, which have been employed as the main
component of multilayer capsules that ensures capsule stability, biocompatibility, and a
broader application range [80]. They can be used in future for the controlled assembly of
vaterite crystals at solid surfaces, forging a new direction in this research field.

2.8. Microbiologically Induced Vaterite Formation

Several microorganisms are involved in the mineralization of CaCOs. The process of
bacteria induced CaCOs precipitation has received a lot of consideration from researchers
working in various disciplines. Consequently, one of the most studied subjects is the
advancement in technologies the use microorganisms to induce the formation of CaCOs
polymorphs to restore concrete structures [81]. Findings on the stability and formation of
bacterially induced CaCOj3 has gained importance for the understanding of the mechanism
of CaCO3 mineralization.

Biogenic vaterite has greater stability than chemically synthesized vaterite due to the
organic material produced by bacteria which enwrapped vaterite and prevents its transfer
to more stable polymorphs [82]. This is also observed in synthetic vaterite synthesis with
the addition of LbL coatings and polymer matrices [46,83,84]. Recent findings suggest that
bacteria might induce the formation of polymorphs of CaCOj serving as templates, and
that the carbonic anhydrase, also produced by themselves, plays an essential role in the
mineralization of vaterite CaCOs [85]. Bacterially induced CaCO3 mineralization is thought
to be important in a range of processes and the study [85] indicates that Myxococcus xanthus,
a soil bacterium, facilitates the formation of spherical vaterite CaCOj3. The production of
CO;, and NHj by bacteria, the transformation of NHj to NH,*, and the presence of OH™,
leads to increased basicity, leading to the physiochemical conditions favourable for vaterite
precipitation onto the surface of bacteria [86]. Past findings also indicate that bacterial
species like Actinomycetes play an important role in the formation of mineral deposits in
caves [87].

Lysinibacillus sphaericus, Raoultella planticola, and Streptomyces pluricolorescens are profi-
cient in inducing CaCOj3 polymorphs through a nitrate reduction, both anaerobically and
aerobically. The produced CaCOj crystals were analysed using SEM, EDX and XRD and the
results confirmed that the biogenic bacteria serve as nucleation sites for the precipitation
of CaCQO;3, having distinctive shape and morphology. Hence, the applications of these
bacterial strains that have been used in CaCO3; mineralization bode well in the biomedical
and environmental fields [88]. Intriguingly, the scientific relevant literature has reported
aragonite and calcite as the most common bacterial carbonates, while this analysis observed
only calcite and vaterite in all tested samples; this can suggest that precipitation of vaterite
might be more common than expected by rather quick recrystallisation of vaterite to calcite
in aqueous media [89].

Some studies have indicated that microbiologically induced CaCOj precipitation, with
some changes in surface characteristics and pH, can lead to the formation of biofilms [90].
Researchers have found that nanomechanical and morphological properties of CaCOs3
can be tailored if they are precipitated via bacteria. Due to these properties, bacteria in-
duced CaCOj3 polymorphs are being employed for engineering, biomedical and geological
applications [91,92].
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3. Conclusions

This review focuses on an overview of methods used to synthesize vaterite crys-
tal on solid/organic surfaces. CaCOj typically exists as three anhydrous polymorphic
forms, but here, vaterite is the material of choice due to the numerous and increasing
applications of this carbonate in material science. Biomolecules can assist in the biomin-
eralization of CaCOj to result in the fabrication of bioinspired materials which mimic
the natural phenomenon of biomineralization. The methods demonstrated explain the
immobilization of vaterite by both physical and chemical approaches. Physical immobi-
lization approaches have been widely studied, as this process is facile to achieve. Whereas
chemical immobilization involves strong bonding between biomolecules and the vaterite
crystals, which in turn leads to irreversible changes of the surface/molecule. The physi-
cal immobilization approach is used more commonly as this does not require additional
modification of biomolecules and coupling reagents as with chemical immobilization. This
makes the physical approach to be an economically preferential process as compared to
the chemical approach. Multiple studies reported the synthesis of vaterite on biomaterials
modified with peptides, proteins, polysaccharides, and biopolymers. The growth of small
nanometer-sized vaterite crystals leads to modification of biomolecular surfaces, as the
smaller sized particles have greater surface area, and their properties and activities may
be dramatically enhanced. The biomolecules containing vaterite on their surface can act
as a carrier of bioagents as, for instance, the microfibrillar cellulose after the growth of
vaterite on its surface may act as a protein delivery vehicle. The loading and unloading of
bioagents on modified biomolecules can be done to achieve better scaffolds for controlled
and programmed drug and protein delivery. Vaterite offers enormous possibilities for
the encapsulation and release of bioactives of different nature that may include not only
large biomacromolecules but even small anticancer drugs, lipids, antimicrobials and other
relevant molecules [93-99]. There is limited study on this aspect where vaterite is formed
on the solid surface of biomaterials, and we believe this relatively unexplored field will
pave-way for the future fabrication of efficient biomaterials with tailor-made properties
and excellent performance for various bio-applications.

Author Contributions: Conceptualization (D.V. and A.G.S.); supervision, funding acquisition, project
administration (D.V.); methodology, validation, formal analysis, investigation, data curation, writing—
original draft preparation (B.Z., J.C. (Jake Cooke)), review and editing (B.Z., ].C. (Jake Cooke), ].C. (Jack
Campbell), A.G.S., D.V.) All authors have read and agreed to the published version of the manuscript.

Funding: A.G.S. acknowledges support from Fund for Scientific Research (FWO) Flanders (1002620N,
G043322N, and G043219N), FWO-EOS (40007488), and the Ghent University BOF (Special Research
Fund; IOP 01/03618, BAS094-18). J.C.C. acknowledges NTU for funding their PhD.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Begum, G.; Rana, R K. Bio-inspired motifs via tandem assembly of polypeptides for mineralization of stable CaCOj structures.
Chem. Commun. 2012, 48, 8216-8218. [CrossRef] [PubMed]

2. Cusack, M.; Freer, A. Biomineralization: Elemental and Organic Influence in Carbonate Systems. Chem. Rev. 2008, 108, 4433-4454.
[CrossRef]

3.  Sommerdijk, N.A.J.M.; de With, G. Biomimetic CaCO3 Mineralization using Designer Molecules and Interfaces. Chem. Rev. 2008,
108, 4499-4550. [CrossRef] [PubMed]

4. Feng, Q. Fang, Z; Yan, Z; Xing, R.; Xie, L.; Zhang, R. The structure-function relationship of MSI7, a matrix protein from pearl
oyster Pinctada fucata. Acta Biochim. et Biophys. Sin. 2009, 41, 955-962. [CrossRef] [PubMed]

5. Cuéllar-Cruz, M. Influence of Abiotic Factors in the Chemical Origin of Life: Biomorphs as a Study Model. ACS Omega 2021, 6,
8754-8763. [CrossRef] [PubMed]

6. Lee, K.; Wagermaier, W.; Masic, A.; Kommareddy, K.P.; Bennet, M.; Manjubala, I.; Lee, S.W.; Park, S.B.; Colfen, H.; Fratzl, P.
Self-Assembly of Amorphous Calcium Carbonate Microlens Arrays. Nat. Commun. 2012, 3, 725. [CrossRef]

7. Voronin, D.; Vikulina, A.; Fakhrullin, R.; Vinokurov, V.; Volodkin, D. Naturally derived nano- and micro-drug delivery vehicles:

Halloysite, vaterite and nanocellulose. New J. Chem. 2020, 44, 5638-5655. [CrossRef]


http://doi.org/10.1039/c2cc32756b
http://www.ncbi.nlm.nih.gov/pubmed/22792540
http://doi.org/10.1021/cr078270o
http://doi.org/10.1021/cr078259o
http://www.ncbi.nlm.nih.gov/pubmed/18937514
http://doi.org/10.1093/abbs/gmp086
http://www.ncbi.nlm.nih.gov/pubmed/19902130
http://doi.org/10.1021/acsomega.1c00497
http://www.ncbi.nlm.nih.gov/pubmed/33842747
http://doi.org/10.1038/ncomms1720
http://doi.org/10.1039/c9nj06470b

Micromachines 2022, 13, 473 21 of 24

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Trushina, D.B.; Bukreeva, T.V.; Antipina, M.N. Size-Controlled Synthesis of Vaterite Calcium Carbonate by the Mixing Method:
Aiming for Nanosized Particles. Cryst. Growth Des. 2016, 16, 1311-1319. [CrossRef]

Kastania, G.; Campbell, J.; Mitford, J.; Volodkin, D. Polyelectrolyte Multilayer Capsule (PEMC)-Based Scaffolds for Tissue
Engineering. Micromachines 2020, 11, 797. [CrossRef]

Kim, S.; Park, C.B. Mussel-inspired transformation of CaCOj; to bone minerals. Biomaterials 2010, 31, 6628—-6634. [CrossRef]
Trushina, D.; Bukreeva, T.V.; Kovalchuk, M.V.; Antipina, M.N. CaCOj3 vaterite microparticles for biomedical and personal care
applications. Mater. Sci. Eng. C 2014, 45, 644-658. [CrossRef]

Naka, K.; Tanaka, Y.; Chujo, Y. Effect of Anionic Starburst Dendrimers on the Crystallization of CaCO3 in Aqueous Solution: Size
Control of Spherical Vaterite Particles. Langmuir 2002, 18, 3655-3658. [CrossRef]

Mori, Y.; Enomae, T.; Isogai, A. Preparation of pure vaterite by simple mechanical mixing of two aqueous salt solutions. Mater.
Sci. Eng. C 2009, 29, 1409-1414. [CrossRef]

Szczes, A.; Sternik, D. Properties of calcium carbonate precipitated in the presence of DPPC liposomes modified with the
phospholipase A2. . Therm. Anal. 2015, 123, 2357-2365. [CrossRef]

Binevski, P.V.; Balabushevich, N.G.; Uvarova, V.I.; Vikulina, A.S.; Volodkin, D. Bio-friendly encapsulation of superoxide dismutase
into vaterite CaCOj crystals. Enzyme activity, release mechanism, and perspectives for ophthalmology. Colloids Surf. B Biointerfaces
2019, 181, 437-449. [CrossRef] [PubMed]

Feoktistova, N.A.; Vikulina, A.S.; Balabushevich, N.G.; Skirtach, A.G.; Volodkin, D. Bioactivity of catalase loaded into vaterite
CaCOQOg crystals via adsorption and co-synthesis. Mater. Des. 2019, 185, 108223. [CrossRef]

Fu, L.-H,; Qi, C,; Hu, Y.-R.; Mei, C.-G.; Ma, M.-G. Cellulose/vaterite nanocomposites: Sonochemical synthesis, characterization,
and their application in protein adsorption. Mater. Sci. Eng. C 2018, 96, 426-435. [CrossRef]

Polowczyk, I; Bastrzyk, A.; Fiedot, M. Protein-Mediated Precipitation of Calcium Carbonate. Materials 2016, 9, 944. [CrossRef]
Hernandez-Herndndez, A.; Vidal, M.; Gomez-Morales, J.; Rodriguez-Navarro, A.; Labas, V.; Gautron, J.; Nys, Y.; Garcia-Ruiz, ].M.
Influence of eggshell matrix proteins on the precipitation of calcium carbonate (CaCO3). J. Cryst. Growth 2008, 310, 1754-1759.
[CrossRef]

Manoli, F; Dalas, E. Calcium carbonate overgrowth on elastin substrate. J. Cryst. Growth 1999, 204, 369-375. [CrossRef]
Addadi, L.; Weiner, S. Control and Design Principles in Biological Mineralization. Angew. Chem. Int. Ed. 1992, 31, 153-169.
[CrossRef]

Fritz, M.; Belcher, A.M.; Radmachert, M.; Walterst, D.A.; Hansmat, P.K,; Stuckyt, G.D.; Morse, D.E.; Mann, S. Flat pearls from
biofabrication of organized composites on inorganic substrates. Lett. Nat. 1994, 371, 49-51. [CrossRef]

Smith, B.L.; Schéffer, T.; Viani, M.B.; Thompson, J.B.; Frederick, N.A.; Kindt, J.H.; Belcher, A.M.; Stucky, G.D.; Morse, D.E,;
Hansma, P.K. Molecular mechanistic origin of the toughness of natural adhesives, fibres and composites. Nature 1999, 399,
761-763. [CrossRef]

Dalas, E.; Kallitsis, J.; Koutsoukos, P.G. The growth of sparingly soluble salts on polymeric substrates. Colloids Surf. 1991, 53,
197-208. [CrossRef]

Calvert, P; Rieke, P. Biomimetic Mineralization in and on Polymers. Chem. Mater. 1996, 8, 1715-1727. [CrossRef]

Grassmann, O.; Miiller, G.; Lobmann, P. Organic—Inorganic Hybrid Structure of Calcite Crystalline Assemblies Grown in a
Gelatin Hydrogel Matrix: Relevance to Biomineralization. Chem. Mater. 2002, 14, 4530-4535. [CrossRef]

Lahiri, J.; Xu, G.; Dabbs, D.M.; Yao, N.; Aksay, I.A.; Groves, ].T. Porphyrin Amphiphiles as Templates for the Nucleation of
Calcium Carbonate. J. Am. Chem. Soc. 1997, 119, 5449-5450. [CrossRef]

Cao, L. Carrier-Bound Immobilised Enzymes: Principles, Applications and Design; Wiley-VCH: Weinheim, Germany, 2005; ISBN
3527299491.

Szczes, A.; Czemierska, M.; Jarosz-Wilkolazka, A. Calcium carbonate formation on mica supported extracellular polymeric
substance produced by Rhodococcus opacus. J. Solid State Chem. 2016, 242, 212-221. [CrossRef]

Tovani, C.; Faria, A.; Ciancaglini, P.; Ramos, A. Collagen-supported CaCOj3 cylindrical particles enhance Ti bioactivity. Surf.
Coatings Technol. 2019, 358, 858-864. [CrossRef]

Lu, H.; Hood, M.A.; Mauri, S.; Baio, J.E.; Bonn, M.; Mufoz-Espi, R.; Weidner, T. Biomimetic vaterite formation at surfaces
structurally templated by oligo (glutamic acid) peptides. Chem. Commun. 2015, 51, 15902-15905. [CrossRef]

Vikulina, A.; Webster, J.; Voronin, D.; Ivanov, E.; Fakhrullin, R.; Vinokurov, V.; Volodkin, D. Mesoporous additive-free vaterite
CaCO;s crystals of untypical sizes: From submicron to Giant. Mater. Des. 2020, 197, 109220. [CrossRef]

Gusliakova, O.; Verkhovskii, R.; Abalymov, A.; Lengert, E.; Kozlova, A.; Atkin, V.; Nechaeva, O.; Morrison, A.; Tuchin, V,;
Svenskaya, Y. Transdermal platform for the delivery of the antifungal drug naftifine hydrochloride based on porous vaterite
particles. Mater. Sci. Eng. C 2020, 119, 111428. [CrossRef]

Delcea, M.; Mohwald, H.; Skirtach, A.G. Stimuli-responsive LbL capsules and nanoshells for drug delivery. Adv. Drug Deliv. Rev.
2011, 63, 730-747. [CrossRef]

Schmidt, S.; Behra, M.; Uhlig, K.; Madaboosi, N.; Hartmann, L.; Duschl, C.; Volodkin, D. Mesoporous Protein Particles Through
Colloidal CaCO3Templates. Adv. Funct. Mater. 2012, 23, 116-123. [CrossRef]

Neumann, M.M.; Volodkin, D. Porous antibody-containing protein microparticles as novel carriers for ELISA. Analyst 2019, 145,
1202-1206. [CrossRef] [PubMed]


http://doi.org/10.1021/acs.cgd.5b01422
http://doi.org/10.3390/mi11090797
http://doi.org/10.1016/j.biomaterials.2010.05.004
http://doi.org/10.1016/j.msec.2014.04.050
http://doi.org/10.1021/la011345d
http://doi.org/10.1016/j.msec.2008.11.009
http://doi.org/10.1007/s10973-015-4958-5
http://doi.org/10.1016/j.colsurfb.2019.05.077
http://www.ncbi.nlm.nih.gov/pubmed/31176116
http://doi.org/10.1016/j.matdes.2019.108223
http://doi.org/10.1016/j.msec.2018.11.061
http://doi.org/10.3390/ma9110944
http://doi.org/10.1016/j.jcrysgro.2007.11.170
http://doi.org/10.1016/S0022-0248(99)00175-X
http://doi.org/10.1002/anie.199201531
http://doi.org/10.1038/371049a0
http://doi.org/10.1038/21607
http://doi.org/10.1016/0166-6622(91)80137-D
http://doi.org/10.1021/cm960126o
http://doi.org/10.1021/cm0212156
http://doi.org/10.1021/ja961486f
http://doi.org/10.1016/j.jssc.2016.07.014
http://doi.org/10.1016/j.surfcoat.2018.11.071
http://doi.org/10.1039/C5CC05830A
http://doi.org/10.1016/j.matdes.2020.109220
http://doi.org/10.1016/j.msec.2020.111428
http://doi.org/10.1016/j.addr.2011.03.010
http://doi.org/10.1002/adfm.201201321
http://doi.org/10.1039/C9AN01888C
http://www.ncbi.nlm.nih.gov/pubmed/31859691

Micromachines 2022, 13, 473 22 of 24

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.
59.

60.

61.

62.

63.
64.

Jeannot, L.; Bell, M.; Ashwell, R.; Volodkin, D.; Vikulina, A.S. Internal Structure of Matrix-Type Multilayer Capsules Templated
on Porous Vaterite CaCOj3 Crystals as Probed by Staining with a Fluorescence Dye. Micromachines 2018, 9, 547. [CrossRef]
Vikulina, A.S.; Feoktistova, N.A.; Balabushevich, N.G.; Von Klitzing, R.; Volodkin, D. Cooling-Triggered Release from Mesoporous
Poly(N-isopropylacrylamide) Microgels at Physiological Conditions. ACS Appl. Mater. Interfaces 2020, 12, 57401-57409. [CrossRef]
Behra, M.; Azzouz, N.; Schmidt, S.; Volodkin, D.V.; Mosca, S.; Chanana, M.; Seeberger, PH.; Hartmann, L. Magnetic Porous
Sugar-Functionalized PEG Microgels for Efficient Isolation and Removal of Bacteria from Solution. Biomacromolecules 2013, 14,
1927-1935. [CrossRef]

Campbell, J.; Abnett, J.; Kastania, G.; Volodkin, D.; Vikulina, A.S. Which Biopolymers Are Better for the Fabrication of Multilayer
Capsules? A Comparative Study Using Vaterite CaCOj3 as Templates. ACS Appl. Mater. Interfaces 2021, 13, 3259-3269. [CrossRef]
Vikulina, A.S.; Campbell, J. Biopolymer-Based Multilayer Capsules and Beads Made via Templating: Advantages, Hurdles and
Perspectives. Nanomaterials 2021, 11, 2502. [CrossRef]

Balabushevich, N.; Tiourina, O.P.; Volodkin, D.; Larionova, A.N.I.; Sukhorukov, G.B. Loading the Multilayer Dextran Sul-
fate/Protamine Microsized Capsules with Peroxidase. Biomacromolecules 2003, 4, 1191-1197. [CrossRef]

De Temmerman, M.-L.; Demeester, ].; De Vos, F.; De Smedt, S.C. Encapsulation Performance of Layer-by-Layer Microcapsules for
Proteins. Biomacromolecules 2011, 12, 1283-1289. [CrossRef]

Vikulina, A.S.; Feoktistova, N.A.; Balabushevich, N.G.; Skirtach, A.G.; Volodkin, D. The mechanism of catalase loading into
porous vaterite CaCOj3 crystals by co-synthesis. Phys. Chem. Chem. Phys. 2018, 20, 8822-8831. [CrossRef]

Feoktistova, N.A.; Balabushevich, N.; Skirtach, A.G.; Volodkin, D.; Vikulina, A.S. Inter-protein interactions govern protein loading
into porous vaterite CaCOj crystals. Phys. Chem. Chem. Phys. 2020, 22, 9713-9722. [CrossRef] [PubMed]

Balabushevich, N.G.; Kovalenko, E.A.; Le-Deygen, LM.; Filatova, L.Y.; Volodkin, D.; Vikulina, A.S. Hybrid CaCOs-mucin crystals:
Effective approach for loading and controlled release of cationic drugs. Mater. Des. 2019, 182, 108020. [CrossRef]

Sharma, V.; Sundaramurthy, A. Multilayer capsules made of weak polyelectrolytes: A review on the preparation, functionalization
and applications in drug delivery. Beilstein |. Nanotechnol. 2020, 11, 508-532. [CrossRef] [PubMed]

Van der Meeren, L.; Li, J.; Konrad, M.; Skirtach, A.G.; Volodkin, D.; Parakhonskiy, B.V. Temperature Window for Encapsulation of
an Enzyme into Thermally Shrunk, CaCO3 Templated Polyelectrolyte Multilayer Capsules. Macromol. Biosci. 2020, 20, 2000081.
[CrossRef]

Trushina, D.B.; Burova, A.S.; Borodina, T.N.; Soldatov, M.A; Klochko, T.Y.; Bukreeva, T.V. Thermo-Induced Shrinking of “Dextran
Sulfate/Polyarginine” Capsules with Magnetic Nanoparticles in the Shell. Colloid |. 2018, 80, 710-715. [CrossRef]

Vikulina, A.S.; Anissimov, Y.G.; Singh, P.; Prokopovi¢, V.Z.; Uhlig, K.; Jaeger, M.S.; von Klitzing, R.; Duschl, C.; Volodkin, D.
Temperature effect on the build-up of exponentially growing polyelectrolyte multilayers. An exponential-to-linear transition
point. Phys. Chem. Chem. Phys. 2016, 18, 7866—7874. [CrossRef] [PubMed]

Volodkin, D.V.; Balabushevitch, N.G.; Sukhorukov, G.B.; Larionova, N.I. Inclusion of Proteins into Polyelectrolyte Microparticles
by Alternative Adsorption of Polyelectrolytes on Protein Aggregates. Biochemistry 2003, 68, 236-241. [CrossRef] [PubMed]
Volodkin, D.V.,; Balabushevitch, N.G.; Sukhorukov, G.B.; Larionova, N.I. Model system for controlled protein release: pH-Sensitive
polyelectrolyte microparticles. S.T.P. Pharma Sci. 2003, 13, 163-170.

Feoktistova, N.; Rose, J.; Prokopovi¢, V.Z.; Vikulina, A.S.; Skirtach, A.G.; Volodkin, D. Controlling the Vaterite CaCO3 Crystal
Pores. Design of Tailor-Made Polymer Based Microcapsules by Hard Templating. Langmuir 2016, 32, 4229-4238. [CrossRef]
[PubMed]

Sergeeva, A.; Vikulina, A.S.; Volodkin, D. Porous Alginate Scaffolds Assembled Using Vaterite CaCO3 Crystals. Micromachines
2019, 10, 357. [CrossRef] [PubMed]

Paulraj, T.; Feoktistova, N.; Velk, N.; Uhlig, K.; Duschl, C.; Volodkin, D. Microporous Polymeric 3D Scaffolds Templated by the
Layer-by-Layer Self-Assembly. Macromol. Rapid Commun. 2014, 35, 1408-1413. [CrossRef] [PubMed]

Yan, B.-Q.; Nan, Z.-D.; Liu, Y. Fabrication of Tubular Structure Agglomerates of Calcium Carbonate by Using Collodion Film.
Chin. J. Chem. 2008, 26, 2302-2306. [CrossRef]

Yang, Q.; Nan, Z. Growth of vaterite with novel morphologies directed by a collodion membrane. Mater. Res. Bull. 2010, 45,
1777-1782. [CrossRef]

Xu, A.-W.; Ma, Y.; Colfen, H. Biomimetic mineralization. . Mater. Chem. 2006, 17, 415-449. [CrossRef]

Dodenhof, T.; Dietz, F,; Franken, S.; Grunwald, I.; Kelm, S. Splice Variants of Perlucin from Haliotis laevigata Modulate the
Crystallisation of CaCOj3. PLoS ONE 2014, 9, €97126. [CrossRef] [PubMed]

Joubert, C.; Piquemal, D.; Marie, B.; Manchon, L.; Pierrat, F.; Zanella-Cléon, I.; Cochennec-Laureau, N.; Gueguen, Y.; Montagnani,
C. Transcriptome and proteome analysis of Pinctada margaritifera calcifying mantle and shell: Focus on biomineralization. BMC
Genom. 2010, 11, 613. [CrossRef]

Zhang, L.; He, M. Quantitative expression of shell matrix protein genes and their correlations with shell traits in the pearl oyster
Pinctada fucata. Aquaculture 2011, 314, 73-79. [CrossRef]

Ping, H.; Wan, Y.; Xie, H.; Xie, J.J.; Wang, W.; Wang, H.; Munir, Z.A.; Fu, Z. Organized Arrangement of Calcium Carbonate
Crystals, Directed by a Rationally Designed Protein. Cryst. Growth Des. 2018, 18, 3576-3583. [CrossRef]

Kanakis, J.; Dalas, E. The crystallization of vaterite on fibrin. J. Cryst. Growth 2000, 219, 277-282. [CrossRef]

Kato, T.; Suzuki, T.; Amamiya, T.; Irie, T.; Komiyama, M.; Yui, H. Effects of macromolecules on the crystallization of CaCO3 the
Formation of Organic/Inorganic Composites. Supramol. Sci. 1998, 5, 411-415. [CrossRef]


http://doi.org/10.3390/mi9110547
http://doi.org/10.1021/acsami.0c15370
http://doi.org/10.1021/bm400301v
http://doi.org/10.1021/acsami.0c21194
http://doi.org/10.3390/nano11102502
http://doi.org/10.1021/bm0340321
http://doi.org/10.1021/bm101559w
http://doi.org/10.1039/C7CP07836F
http://doi.org/10.1039/D0CP00404A
http://www.ncbi.nlm.nih.gov/pubmed/32329476
http://doi.org/10.1016/j.matdes.2019.108020
http://doi.org/10.3762/bjnano.11.41
http://www.ncbi.nlm.nih.gov/pubmed/32274289
http://doi.org/10.1002/mabi.202000081
http://doi.org/10.1134/S1061933X18060182
http://doi.org/10.1039/C6CP00345A
http://www.ncbi.nlm.nih.gov/pubmed/26911320
http://doi.org/10.1023/a:1022661731606
http://www.ncbi.nlm.nih.gov/pubmed/12693971
http://doi.org/10.1021/acs.langmuir.6b00717
http://www.ncbi.nlm.nih.gov/pubmed/27052835
http://doi.org/10.3390/mi10060357
http://www.ncbi.nlm.nih.gov/pubmed/31146472
http://doi.org/10.1002/marc.201400253
http://www.ncbi.nlm.nih.gov/pubmed/25042776
http://doi.org/10.1002/cjoc.200890408
http://doi.org/10.1016/j.materresbull.2010.09.025
http://doi.org/10.1039/B611918M
http://doi.org/10.1371/journal.pone.0097126
http://www.ncbi.nlm.nih.gov/pubmed/24824517
http://doi.org/10.1186/1471-2164-11-613
http://doi.org/10.1016/j.aquaculture.2011.01.039
http://doi.org/10.1021/acs.cgd.8b00365
http://doi.org/10.1016/S0022-0248(00)00623-0
http://doi.org/10.1016/S0968-5677(98)00041-8

Micromachines 2022, 13, 473 23 of 24

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Saveleva, M.S.; Eftekhari, K.; Abalymov, A.; Douglas, T.E.L.; Volodkin, D.; Parakhonskiy, B.V.; Skirtach, A.G. Hierarchy of Hybrid
Materials-the Place of Inorganics-in-Organics in It, Their Composition and Applications. Front. Chem. 2019, 7, 179. [CrossRef]
Konopacka-Lyskawa, D. Synthesis Methods and Favorable Conditions for Spherical Vaterite Precipitation: A Review. Crystals
2019, 9, 223. [CrossRef]

Mayorga, I.C.; Astilleros, ].M.; Fernandez-Diaz, L. Precipitation of CaCO3; Polymorphs from Aqueous Solutions: The Role of pH
and Sulphate Groups. Minerals 2019, 9, 178. [CrossRef]

Wu, Y,; Cheng, C.; Yao, J.; Chen, X,; Shao, Z. Crystallization of Calcium Carbonate on Chitosan Substrates in the Presence of
Regenerated Silk Fibroin. Langmuir 2011, 27, 2804-2810. [CrossRef]

Lakshminarayanan, R.; Valiyaveettil, S.; Loy, G.L. Selective Nucleation of Calcium Carbonate Polymorphs: Role of Surface
Functionalization and Poly(Vinyl Alcohol) Additive. Cryst. Growth Des. 2003, 3, 953-958. [CrossRef]

Danglad-Flores, J.; Eftekhari, K.; Skirtach, A.G.; Riegler, H. Controlled Deposition of Nanosize and Microsize Particles by
Spin-Casting. Langmuir 2019, 35, 3404-3412. [CrossRef]

Wang, X.; Sun, H.; Xia, Y.; Chen, C.; Xu, H.; Shan, H.; Lu, ].R. Lysozyme mediated calcium carbonate mineralization. J. Colloid
Interface Sci. 2009, 332, 96-103. [CrossRef]

Gehrke, N.; Colfen, H.; Pinna, N.; Antonietti, M.; Nassif, N. Superstructures of Calcium Carbonate Crystals by Oriented
Attachment. Cryst. Growth Des. 2005, 5, 1317-1319. [CrossRef]

Velk, N.; Uhlig, K.; Vikulina, A.; Duschl, C.; Volodkin, D. Mobility of lysozyme in poly(l-lysine) /hyaluronic acid multilayer films.
Colloids Surfaces B Biointerfaces 2016, 147, 343-350. [CrossRef] [PubMed]

Prokopovi¢, V.Z.; Vikulina, A.S.; Sustr, D.; Duschl, C.; Volodkin, D. Biodegradation-Resistant Multilayers Coated with Gold
Nanoparticles. Toward a Tailor-made Artificial Extracellular Matrix. ACS Appl. Mater. Interfaces 2016, 8, 24345-24349. [CrossRef]
Prokopovic, V.Z.; Vikulina, A.S.; Sustr, D.; Shchukina, E.M.; Shchukin, D.G.; Volodkin, D.V. Binding Mechanism of the Model
Charged Dye Carboxyfluorescein to Hyaluronan/Polylysine Multilayers. ACS Appl. Mater. Interfaces 2017, 9, 38908-38918.
[CrossRef]

Madaboosi, N.; Uhlig, K.; Schmidt, S.; Vikulina, A.S.; Méhwald, H.; Duschl, C.; Volodkin, D. A “Cell-Friendly” Window for the
Interaction of Cells with Hyaluronic Acid/Poly-1 -Lysine Multilayers. Macromol. Biosci. 2018, 18, 1700319. [CrossRef]

Volodkin, D.; Von Klitzing, R.; Moehwald, H. Polyelectrolyte Multilayers: Towards Single Cell Studies. Polymers 2014, 6, 1502-1527.
[CrossRef]

Campbell, J.; Vikulina, A.S. Layer-By-Layer Assemblies of Biopolymers: Build-Up, Mechanical Stability and Molecular Dynamics.
Polymers 2020, 12, 1949. [CrossRef] [PubMed]

Uhlig, K.; Madaboosi, N.; Schmidt, S.; Jager, M.S.; Rose, J.; Duschl, C.; Volodkin, D.V. 3d localization and diffusion of proteins in
polyelectrolyte multilayers. Soft Matter 2012, 8, 11786-11789. [CrossRef]

Volodkin, D.; Skirtach, A.; Moéhwald, H. Bioapplications of Light-Sensitive Polymer Films and Capsules Assembled Using the
Layer-by-Layer Technique. Polymer International 2012, 61, 673-679. [CrossRef]

Ivanova, L.; Golovkina, D.; Zhurishkina, Y.; Garmay, Y.; Baranchikov, A.; Tsvigun, N.; Zabrodskaya, Y.; Yapryntsev, A.; Gorshkov,
A.; Lebedev, K ; et al. The Matrix Is Everywhere: CaCO3 Biomineralization by the Bacillus Licheniformis Planktonic Cells. BioRxiv
2020. [CrossRef]

Lv, J.-].; Ma, E; Li, E-C.; Zhang, C.-H.; Chen, J.-N. Vaterite induced by Lysinibacillus sp. GW-2 strain and its stability. ]. Struct.
Biol. 2017, 200, 97-105. [CrossRef] [PubMed]

Sergeeva, A.; Sergeev, R.; Lengert, E.; Zakharevich, A.; Parakhonskiy, B.; Gorin, D.; Sergeev, S.; Volodkin, D. Composite Magnetite
and Protein Containing CaCOj3 Crystals. External Manipulation and Vaterite — Calcite Recrystallization-Mediated Release
Performance. ACS Appl. Mater. Interfaces 2015, 7, 21315-21325. [CrossRef] [PubMed]

Saraya, M.E.-S.I1.; Rokbaa, H.-H.A.E.-L. Formation and Stabilization of Vaterite Calcium Carbonate by Using Natural Polysaccha-
ride. Adv. Nanoparticles 2017, 6, 158-182. [CrossRef]

Liu, R.;; Huang, S.; Zhang, X.; Song, Y.; He, G.; Wang, Z.; Lian, B. Bio-mineralisation, characterization, and stability of calcium
carbonate containing organic matter. RSC Adv. 2021, 11, 14415-14425. [CrossRef]

Rodriguez-Navarro, C.; Jimenez-Lopez, C.; Rodriguez-Navarro, A.; Gonzalez-Muiioz, M.T.; Rodriguez-Gallego, M. Bacterially
mediated mineralization of vaterite. Geochim. et Cosmochim. Acta 2007, 71, 1197-1213. [CrossRef]

Groth, I.; Schumann, P;; Laiz, L.; Sanchez-Moral, S.; Canaveras, ].C.; Saiz-Jimenez, C. Geomicrobiological study of the Grotta dei
Cervi, Porto Badisco, Italy. Geomicrobiol. J. 2001, 18, 241-258. [CrossRef]

Eltarahony, M.; Zaki, S.; Kamal, A.; Abd-El-Haleem, D. Calcite and Vaterite Biosynthesis by Nitrate Dissimilating Bacteria in
Carbonatogenesis Process under Aerobic and Anaerobic Conditions. Geomicrobiol. J. 2021, 1-18. [CrossRef]

govljanski, O.; Pezo, L.; Stanojev, ].; Bajac, B.; Kova¢, S.; Téth, E.; Risti¢, I.; Tomi¢, A.; Ranitovi¢, A.; Cvetkovi¢, D.; et al.
Comprehensive Profiling of Microbiologically Induced CaCOj3; Precipitation by Ureolytic Bacillus Isolates from Alkaline Soils.
Microorganisms 2021, 9, 1691. [CrossRef] [PubMed]

Sovljanski, O.; Pezo, L.; Tomi¢, A.; Ranitovi¢, A.; Cvetkovi¢, D.; Markov, S. Contribution of bacterial cells as nucleation centers
in microbiologically induced CaCOj precipitation—A mathematical modeling approach. J. Basic Microbiol. 2021, 61, 835-848.
[CrossRef] [PubMed]


http://doi.org/10.3389/fchem.2019.00179
http://doi.org/10.3390/cryst9040223
http://doi.org/10.3390/min9030178
http://doi.org/10.1021/la104712h
http://doi.org/10.1021/cg034022j
http://doi.org/10.1021/acs.langmuir.8b03311
http://doi.org/10.1016/j.jcis.2008.12.055
http://doi.org/10.1021/cg050051d
http://doi.org/10.1016/j.colsurfb.2016.07.055
http://www.ncbi.nlm.nih.gov/pubmed/27552029
http://doi.org/10.1021/acsami.6b10095
http://doi.org/10.1021/acsami.7b12449
http://doi.org/10.1002/mabi.201700319
http://doi.org/10.3390/polym6051502
http://doi.org/10.3390/polym12091949
http://www.ncbi.nlm.nih.gov/pubmed/32872246
http://doi.org/10.1039/c2sm26500a
http://doi.org/10.1002/pi.4182
http://doi.org/10.1101/2020.10.22.351619
http://doi.org/10.1016/j.jsb.2017.09.008
http://www.ncbi.nlm.nih.gov/pubmed/28958863
http://doi.org/10.1021/acsami.5b05848
http://www.ncbi.nlm.nih.gov/pubmed/26348458
http://doi.org/10.4236/anp.2017.64014
http://doi.org/10.1039/D1RA00615K
http://doi.org/10.1016/j.gca.2006.11.031
http://doi.org/10.1080/01490450152467778
http://doi.org/10.1080/01490451.2021.1951398
http://doi.org/10.3390/microorganisms9081691
http://www.ncbi.nlm.nih.gov/pubmed/34442771
http://doi.org/10.1002/jobm.202100275
http://www.ncbi.nlm.nih.gov/pubmed/34314060

Micromachines 2022, 13, 473 24 of 24

91.

92.

93.

94.

95.

96.

97.

98.

99.

Heveran, C.M,; Liang, L.; Nagarajan, A.; Hubler, M.; Gill, R.; Cameron, J.C.; Cook, S.M.; Srubar, W.V. Engineered Ureolytic
Microorganisms Can Tailor the Morphology and Nanomechanical Properties of Microbial-Precipitated Calcium Carbonate. Sci.
Rep. 2019, 9, 14721. [CrossRef] [PubMed]

Tepe, M,; Arslan, $.; Koralay, T.; Dogan, N.M. Precipitation and characterization of CaCOj5 of Bacillus amyloliquefaciens U17
strain producing urease and carbonic anhydrase. Turk. J. Biol. 2019, 43, 198-208. [CrossRef]

Vladimirov, G.K,; Vikulina, A.S.; Volodkin, D.; Vladimirov, Y.A. Structure of the Complex of Cytochrome c with Cardiolipin in
Non-Polar Environment. Chem. Phys. Lipids 2018, 214, 35-45. [CrossRef] [PubMed]

Vikulina, A.S.; Skirtach, A.G.; Volodkin, D.V. Hybrids of Polymer Multilayers, Lipids, and Nanoparticles: Mimicking the Cellular
Microenvironment. Langmuir 2019, 35, 8565-8573. [CrossRef]

Peng, C.; Zhao, Q.; Gao, C. Sustained delivery of doxorubicin by porous CaCOj3 and chitosan/alginate multilayers-coated CaCO3
microparticles. Colloids Surf. A Physicochem. Eng. Asp. 2010, 353, 132-139. [CrossRef]

Trushina, D.B.; Akasov, R.A.; Khovankina, A.V.; Borodina, T.N.; Bukreeva, T.V.; Markvicheva, E.A. Doxorubicin-loaded biodegrad-
able capsules: Temperature induced shrinking and study of cytotoxicity in vitro. . Mol. Lig. 2019, 284, 215-224. [CrossRef]
Balabushevich, N.G.; Sholina, E.A.; Mikhalchik, E.V.; Filatova, L.Y.; Vikulina, A.S.; Volodkin, D. Self-Assembled Mucin-Containing
Microcarriers via Hard Templating on CaCO3 Crystals. Micromachines 2018, 9, 307. [CrossRef]

Balabushevich, N.G.; Kovalenko, E.A.; Mikhalchik, E.V.; Filatova, L.Y.; Volodkin, D.; Vikulina, A.S. Mucin adsorption on vaterite
CaCOj3 microcrystals for the prediction of mucoadhesive properties. J. Colloid Interface Sci. 2019, 545, 330-339. [CrossRef]
Ferreira, A.M.; Vikulina, A.S.; Volodkin, D. CaCOj crystals as versatile carriers for controlled delivery of antimicrobials. J. Control.
Release 2020, 328, 470-489. [CrossRef]


http://doi.org/10.1038/s41598-019-51133-9
http://www.ncbi.nlm.nih.gov/pubmed/31604977
http://doi.org/10.3906/biy-1901-56
http://doi.org/10.1016/j.chemphyslip.2018.05.007
http://www.ncbi.nlm.nih.gov/pubmed/29856995
http://doi.org/10.1021/acs.langmuir.8b04328
http://doi.org/10.1016/j.colsurfa.2009.11.004
http://doi.org/10.1016/j.molliq.2019.03.152
http://doi.org/10.3390/mi9060307
http://doi.org/10.1016/j.jcis.2019.03.042
http://doi.org/10.1016/j.jconrel.2020.08.061

	Introduction 
	Modification of Various Surfaces with Vaterite CaCO3 
	Peptide Modified Surfaces 
	Cellulose Surfaces 
	Collodion Membrane 
	Protein Surfaces 
	Polymer Grafted Surfaces 
	Fibres 
	Extracellular Matrix Substances 
	Microbiologically Induced Vaterite Formation 

	Conclusions 
	References

