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ABSTRACT: Biocompatibility and high loading capacity of mesoporous CaCO3
vaterite crystals give an option to utilize the polycrystals for a wide range of
(bio)applications. Formation and transformations of calcium carbonate polymorphs
have been studied for decades, aimed at both basic and applied research interests. Here,
composite multilayer-coated calcium carbonate polycrystals containing Fe3O4 magnet-
ite nanoparticles and model protein lysozyme are fabricated. The structure of the
composite polycrystals and vaterite → calcite recrystallization kinetics are studied. The
recrystallization results in release of both loaded protein and Fe3O4 nanoparticles
(magnetic manipulation is thus lost). Fe3O4 nanoparticles enhance the recrystallization
that can be induced by reduction of the local pH with citric acid and reduction of the
polycrystal crystallinity. Oppositely, the layer-by-layer assembled poly(allylamine
hydrochloride)/poly(sodium styrenesulfonate) polyelectrolyte coating significantly
inhibits the vaterite → calcite recrystallization (from hours to days) most likely due to
suppression of the ion exchange giving an option to easily tune the release kinetics for a
wide time scale, for example, for prolonged release. Moreover, the recrystallization of the coated crystals results in formulation of
multilayer capsules keeping the feature of external manipulation. This study can help to design multifunctional microstructures
with tailor-made characteristics for loading and controlled release as well as for external manipulation.

KEYWORDS: calcium carbonate crystals, magnetite nanoparticles, coprecipitation, vaterite → calcite recrystallization,
layer-by-layer assembly

1. INTRODUCTION

At present, the development of composite nano- and
microstructured materials with required properties is a
promising direction in different fields of technology and
engineering. A variety of new methods to fabricate nano-
particles,1,2 multifunctional microcapsules,3−5 and low-dimen-
sional patterned structures6−8 have been proposed. In recent
years, calcium carbonate (CaCO3) vaterite polycrystals are
classified as advanced materials for biomedical and sensor
applications due to their highly porous nature.9−13 For
encapsulation of (bio)active molecules based on vaterite
templating, see the following works and reviews.14−17 Together
with biocompatibility, it stimulates the use of the crystals as a
perfect system for encapsulation of molecules with low
molecular weight, like photosensitizers,18 doxorubicin,19 as
well as with high molecular weight, for example, dextran,10,12

alginate,12 catalase,11 bovine serum albumin,10,12 and insu-
lin.11,20,21 Integration of molecules of interest and functional
materials such as nanoparticles (silver,22 magnetite23,24) and
nanotubes (halloysite,25 carbon26) into the CaCO3 crystals can

be performed at mild conditions during the crystal growth (so-
called coprecipitation)5,27 as well as using the prepared crystals
(filling of the mesopores by adsorption, solvent evapora-
tion).11,12,20 Moreover, layer-by-layer (LbL) assembly can be
additionally applied to modify the surface of mesoporous
calcium carbonate crystals with a multilayer shell consisting of
macromolecules and/or functional compounds.3,10,19,28−31

Functionalization of CaCO3 vaterite (the internal structure
or/and the surface of polycrystal) with inorganic nanoparticles
makes them an effective platform for surface enhanced Raman
microscopy,22,32 sensitive to external stimuli such as electrical
and magnetic fields, and light irradiation.3,30,31,33 This opens
new ways to manipulate/navigate with polycrystals and
polymer capsules assembled on them (calcium carbonate can
be easily dissolved at acidic pH),34,35 for controlled release,
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target delivery, and surface patterning8 (e.g., using magnetic6,36

or electric7 fields).
The vaterite → calcite phase transition leads to a loss of the

mesoporous vaterite internal structure (nonporous calcite
polymorph is formed),9,37−41 resulting in release of the
vaterite-encapsulated additives from the pores of the crystals.
Thus, the vaterite → calcite recrystallization process can be
effective for release of encapsulated molecules.9,18,42 The
additives integrated into the internal CaCO3 structure can
provide not only new properties to vaterite crystals but also
affect the recrystallization kinetics. It has been previously shown
that vaterite → calcite recrystallization is a surface-controlled
process, where the solubility of the calcium carbonate
polymorphs and ion transport are key factors controlling
growth of calcite.40,41 Both factors depend on the surrounding
media that affects the vaterite → calcite recrystallization and, as
a consequence, the release kinetics.18,42 In view of the above,
we believe that it should be possible not only to use the vaterite
→ calcite transition as a release trigger9,18,42 but also to control
the release kinetics of (bio)molecules encapsulated into vaterite
via coating of the crystals with a polyelectrolyte shell. The
multilayers represent a polymer network with a high number of
uncompensated permanent charges on polymer backbones that
are compensated by counterions, which could be calcium and
hydrocarbonate ions formed due to dissolution of CaCO3
crystals.43,44A polyelectrolyte shell could effectively regulate
ion transport on the crystal−liquid interface and thus affect the
transformation rate of metastable vaterite to calcite. However,
to the best of our knowledge, there is no study that considers
such aspects.
In this work, we aim to design composite vaterite CaCO3

crystals that can possess multiple functionalities, external
manipulation and controlled release of crystal encapsulated
compounds. Coprecipitation has been chosen as an effective
method to encapsulate magnetite nanoparticles and protein
molecules into the mesoporous internal volume of the vaterite
crystals. LbL-assembled polyelectrolyte coating has been
deposited onto the composite vaterite CaCO3 crystals with
the aim to control the vaterite → calcite recrystallization rate
and, as a result, the protein release kinetics. The vaterite/calcite
ratio has been used as an indicator of these release kinetics.
Internal structure of the crystals and kinetics of the vaterite →
calcite recrystallization have been examined using scanning
electron microscopy (SEM), X-ray diffraction (XRD), and
confocal laser scanning microscopy (CLSM).

2. EXPERIMENTAL SECTION
2.1. Materials. The following materials were used in this study:

poly(allylamine hydrochloride) (PAH, MW 70 kDa, Sigma), poly-
(sodium styrenesulfonate) (PSS, MW 70 kDa, Sigma), calcium
chloride dihydrate (CaCl2, Serva), sodium carbonate (Na2CO3,
Reahim), sodium hydroxide (NaOH, Ekros), iron chloride(II)
(FeCl2, Panreac), iron chloride(III) (FeCl3, Vekton), citric acid
(C6H8O7, Alfa Aesar GmbH & Co KG), phosphate buffer saline
tablets (PBS, Sigma-Aldrich), Trizma base (TRIS, Primary Standard
and Buffer, ≥99.9% (titration), crystalline, Sigma), FITC-lysozyme
(MW 14.3 kDa, Sigma), and alginic acid sodium salt from macrocystis
pyrifera (MW 12−80 g mol−1, viscosity of 2% solution at 25 °C
approximately 250 cps, plant cell culture tested, Sigma-Aldrich). All of
the chemicals were used as purchased without further purification; all
of the solutions were prepared using Millipore water produced in a
three-stage Millipore Milli-Q Plus 185 purification system and having a
resistivity higher than 18.2 MΩ cm.

2.2. Synthesis of Fe3O4 Nanoparticles. Suspensions of Fe3O4
nanoparticles were synthesized on the basis of a standard chemical
precipitation method using salt solutions of ferrous and ferric
iron.45−47 FeCl3 (1.2 g) and FeCl2 (0.5 g) were dissolved at room
temperature in 20 mL of Millipore water with constant stirring by a
magnetic stirrer (Mini MR Standard rotor stirrer, IKAMAG,
Germany). The prepared solution of the salts was rapidly injected
under vigorous stirring into sodium hydroxide solution (180 mL of 0.1
M NaOH solution) under a nitrogen atmosphere and left under
stirring for 30 min under a nitrogen atmosphere. The resulting black
sediment of the formed Fe3O4 nanoparticles was collected from the
solution using a permanent magnet (pull off force 70 N) and
sequentially washed three times with 25 mL of citric acid (20 mg
mL−1). Dialysis (3 days) was performed for the concentrated colloid of
the stabilized Fe3O4 nanoparticles. Resulting nanoparticles were stored
at 4 °C.

To fabricate the Fe3O4 nanoparticles of different sizes, the following
conditions (or materials) can be adjusted: temperature of the solutions
used, agitation rate, the use of a stabilizer/additive, and concentration
of initial salts used. In this work, the temperature was constant (25
°C), and water was used as a solvent for all of the procedures
described. The as-prepared colloids were always stabilized with citric
acid (three rinses with 25 mL of citric acid at a concentration of 20 mg
mL−1). The agitation rate was the only parameter changed; higher
agitation rate was applied to produce smaller nanoparticles by variation
of the stirring rate from 150 to 500 rpm.

The hydrodynamic diameter and ζ-potential of the Fe3O4
nanoparticles produced were calculated from dynamic light scattering
measurements (Table S1, Figure S1); shape and size distribution of
the nanoparticles were additionally examined by analysis of scanning
electron microscopy and transmission electron microscopy images.
The concentration of Fe3O4 nanoparticles was determined by
weighting of the dried sample and was found to be in the range 5−
15 mg mL−1. The concentration of citric acid in the colloids was found
to be 0.3 mg mL−1 when assuming that the stabilizer coating
represents a monolayer of organic molecules on the surface of Fe3O4
nanoparticles of a certain determined size.

2.3. Fabrication of CaCO3 Vaterite Crystals. Calcium carbonate
vaterite crystals with and without Fe3O4 nanoparticles were fabricated
on the basis of the previously established coprecipitation approach10,11

as described below. All of the solutions and procedures described were
performed at room temperature.

To produce composite CaCO3−Fe3O4 vaterite crystals, the
suspension of Fe3O4 in water (2.5 mL, concentrations in the range
of 0.05−1.35 mg mL−1) was constantly stirred at an agitation speed of
160 rpm in a glass beaker with a total volume of 10 mL. Equal volumes
(625 μL) of 1 M Na2CO3 and 1 M CaCl2 salts were simultaneously
added to the beaker with the Fe3O4 nanoparticles. The resulting
suspension was stirred for 30 s inducing nucleation of calcium
carbonate vaterite crystals, followed by incubation for another 1−3
min (no stirring) to complete the crystal growth. Note that the
temperature of the solutions used and the agitation speed and time
have been kept constant (25 °C, 160 rpm, and 30 s, respectively) for
all of the experiments to provide identical conditions for CaCO3−
Fe3O4 vaterite crystallization. The prepared CaCO3−Fe3O4 crystals
were quickly rinsed with Millipore water (three times) followed by air-
drying at 70 °C for 30 min. The dried CaCO3−Fe3O4 crystals were
stored at room temperature in Eppendorf microtubes. In this way, the
composite CaCO3−Fe3O4 crystals containing 0.125−3.000 mg (0.03−
0.72 M) of Fe3O4 nanoparticles were produced (Table S1). The yield
of CaCO3−Fe3O4 crystals for the above-described approach was
always 50−55 mg, with the content of vaterite in the range of 96−99%
(evident from SEM and optical transmittance images, and XRD
analysis).

To study how Fe3O4 nanoparticles coprecipitated with calcium
carbonate affected vaterite crystallization, the reference CaCO3 crystals
without magnetite were fabricated by the methods described above. All
of the procedures and conditions were the same except for the very
first step: 2.5 mL of Millipore water instead of Fe3O4 suspension was
used to prepare the reference CaCO3 crystals. The yield of CaCO3−
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Fe3O4 crystals was in the range of 50−55 mg, where the content of
calcite polymorph did not exceed 4%.
2.4. Encapsulation of Protein into CaCO3−Fe3O4 Vaterite.

Loading of composite CaCO3−Fe3O4 crystals with protein was
performed using two approaches, coprecipitation5,27 and solvent
evaporation.11,12,20 In both approaches, all of the solutions used and all
of the reactions performed during loading were at room temperature.
In the case of loading by coprecipitation, FITC-lysozyme was

integrated into the internal structure of vaterite together with Fe3O4
nanoparticles. In a glass beaker (total volume 10 mL), FITC-lysozyme
(1 mL of 1 mg mL−1 solution in 100 mM TRIS contained 15 mM
NaCl) was mixed with Fe3O4 nanoparticles (1.5 mL of 1 mg mL−1

suspension in water). The resulting suspension was stirred using a
magnetic stirrer, and equal volumes of Na2CO3 and CaCl2 (0.625 mL
of 1 M solutions) were simultaneously added to the beaker. The
suspension was mixed during 15 s (agitation speed 160 rpm) followed
by incubation at room temperature for 3 min. The resulting crystals
were rinsed with Millipore water three times and air-dried at 70 °C
over 30 min. The yield of the composite CaCO3−Fe3O4 polycrystals
loaded with FITC-lysozyme was about 50 mg.
To load crystals with protein by means of solvent evaporation, 20

mg of the prepared CaCO3−Fe3O4 crystals was dispersed in 2 mL of 1
mg mL−1 FITC-lysozyme solution in water. The suspension was
shaken for 15 min followed by dropping onto the glass substrate and
drying at 70 °C over 30 min.
2.5. Assembly of the Multilayer Polyelectrolyte Shell. The

polyelectrolyte multilayers were adsorbed on the surface of the
prepared composite CaCO3−Fe3O4 and reference CaCO3 crystals
using LbL assembly.28 PAH and PSS polyelectrolytes were used as
polycationic and polyanionic components, respectively. The assembly
of the shell was always started with the positively charged
polyelectrolyte and finished with the negatively charged one. To
deposit the first layer, vaterite crystals were mixed with the PAH
solution (1 M NaCl solution, 2 mg mL−1). The suspension was shaken
for 15 min followed by the three rinses with Millipore water to remove
unreacted constituents. The second layer was deposited by adsorption
of the anionic component. Vaterite crystals coated with PAH were
dispersed in the PSS solution (1 M NaCl solution, 2 mg mL−1). After
15 min of shaking, three rinsing steps were performed. In this way, the
vaterite crystals were covered with one (PAH/PSS) bilayer. The
alternative deposition of the oppositely charged polyelectrolytes was
repeated in the same way n times to assemble (PAH/PSS)n bilayers
(where n was 1, 3, or 5). Control over the LbL-assembly was
performed for each adsorbed layer by measurements of the
electrokinetic potential value (Figure S3).
2.6. Vaterite → Calcite Recrystallization. The experiments to

study the kinetics of the vaterite → calcite recrystallization were
performed for both the composite CaCO3−Fe3O4 crystals and the
reference CaCO3 vaterite (to reveal the effect of Fe3O4 nanoparticles
on the recrystallization). The crystals (10 mg) were immersed in water
(2 mL); the Eppendorf microtubes were vortexed at room
temperature during the experiments. The suspensions were dripped
(20 μL of suspension per drop) onto ethanol-precleaned silicon wafers
every 1 h followed by air-drying at room temperature. The dropping
was continued for 2 days to obtain a sequence of dried drops
possessing various ratios of vaterite and calcite. The experiments were
repeated three times. The following SEM measurements provided
visual tracking of the vaterite → calcite recrystallization for the
composite CaCO3−Fe3O4 and the reference CaCO3 crystals. Statistical
image analysis (recrystallization kinetics) was performed using ImageJ
(NIH) based on n = 100 crystals per sample.
To study an influence of the ion transport in the near-surface area of

vaterite crystals on the vaterite → calcite recrystallization, the above-
described experiment was performed for the composite CaCO3−
Fe3O4 and the reference CaCO3 crystals covered with (PAH/PSS)n
polyelectrolyte shell (n is 1,3,5). For these experiments, the time
interval between deposition of each drop of the suspensions was equal
to 24 h. The different drip time (24 h instead of 1 h) was chosen on
the basis of the assumption that the polyelectrolyte shell could inhibit
the ion transport providing slower recrystallization.

2.7. Recrystallization-Mediated Release of Protein. FITC-
lysozyme was encapsulated into the composite CaCO3−Fe3O4 crystals
by coprecipitation together with Fe3O4 nanoparticles as described
above (section 2.4). To investigate the recrystallization-mediated
release, FITC-lysozyme-loaded CaCO3−Fe3O4 crystals (10 mg) were
resuspended in water (2 mL) and incubated at room temperature in
carefully sealed Eppendorf centrifuge tubes. After different incubation
times, the samples were centrifuged, and a drop of supernatant (2 μL)
solution was taken from the suspension. To obtain the recrystalliza-
tion-mediated release kinetics, absorbance at 494 nm was detected
using a Thermo Scientific NanoDrop 1000 spectrophotometer
(Thermo Fisher Scientific, U.S.). To determine the absolute values
of protein released, a calibration curve based on known concentrations
was used.

2.8. Dynamic Light Scattering (DLS). DLS measurements were
performed using a Malvern Zetasizer Nano ZS Setup (Malvern
Instruments Ltd., England) to examine ξ-potential and average size
distribution (hydrodynamic diameter) of the Fe3O4 nanoparticles. For
these measurements, the suspensions of particles in water of
concentration 0.1 mg mL−1 were used. Measurements of hydro-
dynamic diameter (particle size) were performed at 25 °C using
disposable cuvettes (UV-Cuvette Micro 759200) of 70 μL volume
(Brand GMBH, Germany). For each sample, a series of 10 runs was
done. ξ-Potential was determined using disposable folded capillary
cells DTS1070 (Zetasizer Nano Series, Malvern, UK), and the
resulting values were an average of three measurements. In the same
manner, ξ-potential of the composite CaCO3−Fe3O4/(PAH/PSS)n
was determined after deposition of each polyelectrolyte layer using
Malvern Zetasizer 4 (Malvern Instruments Ltd., England).

2.9. Transmission Electron Microscopy (TEM). The measure-
ments were conducted on a Zeiss EM 912 Omega transmission
electron microscope (Zeiss, Germany). An aqueous colloidal solution
of Fe3O4 nanoparticles was dropped onto the carbon-coated copper
grids, and the grids were then dried at room temperature.

2.10. Scanning Electron Microscopy (SEM). These measure-
ments were performed using MIRA II LMU installation (TESCAN,
Czech Republic) to characterize the fabricated vaterite microcrystals
(shape, size, porosity, and surface morphology). Ultramicrotome Leica
EM UC7 (Leica, Germany) was used to prepare the ultrathin sections
of crystals to examine the internal structure of the crystals produced.
For SEM measurements, the water suspension of calcium carbonate
crystals (20 μL) was dropped onto the silicon wafer and air-dried at
room temperature. Prior to the measurement, the samples were
sputtered with gold. Measurements were performed at an operating
voltage of 3−30 keV. Statistical image analysis (crystal size
distributions and amount of raspberry-shaped and spherical vaterite
in the samples) was performed using ImageJ (NIH) based on n = 100
crystals per sample.

Elementary composition analysis (ECA) was performed using the
same MIRA II LMU installation to examine the composition of the
composite CaCO3−Fe3O4/(PAH/PSS)n crystals at different time
intervals during the recrystallization. The area of interest of 1−3 μm2

was chosen in situ (e.g., a part of (PAH/PSS)5 crystal, or an empty
(PAH/PSS)n capsule), and the ECA provides the list of elements (with
a percentage) contained in the chosen area.

2.11. X-ray Diffraction (XRD). Measurements were performed to
confirm the vaterite → calcite recrystallization kinetics estimated from
SEM as described in the previous paragraph. On the basis of the
recrystallization kinetics, three time periods were chosen to perform
XRD measurements, 0 h after the recrystallization was started (almost
all of the crystals should be vaterite), 20 h (crystals have to be mixed
vaterite and calcite phase), and 40 h (almost all of the crystals have
become calcite).

The samples of the composite CaCO3−Fe3O4 and the reference
CaCO3 crystals were prepared for XRD measurements as follows. The
suspensions of the crystals in water were prepared at a concentration
of 1 mg mL−1 and kept at room temperature for the corresponding
time (0, 20, or 40 h). The supernatant solution then was removed, and
the crystals were air-dried at 90 °C for 1 h. The XRD data were
obtained using a Gemini A Ultra X-ray Diffraction System (Agilent
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Technologies, U.S.), with a source of Cu Kα. The XRD data obtained
were compared to the literature crystallographic data reported by le
Bail48 and Sitepu49 for vaterite and calcite, respectively. The calcite and
vaterite crystallite sizes were estimated by the Scherrer equation50,51

based on the three most intense peaks for each phase.
2.12. Confocal Laser Scanning Microscopy (CLSM). This was

used to examine the distribution of the encapsulated vaterite FITC-
lysozyme over the internal structure of CaCO3−Fe3O4 crystals. CLSM
images were obtained using a Zeiss LSM 510 Meta installation (Zeiss,
Germany). An oil-immersion objective with 63× magnification and
numerical aperture of 1.4 was used. Standard filter settings for
excitation and emission of FITC were used for the laser sources with
wavelengths of 488 and 633 nm. All of the CLSM experiments were
performed at room temperature. Analysis of the CLSM images has
been done by means of ImageJ and LSM Image Browser. The
fluorescence profiles taken from the CLSM images were plotted using
Microsoft Excel software.

3. RESULTS AND DISCUSSION
3.1. Crystallization of the Composite CaCO3−Fe3O4

Crystals. To examine the effect of magnetite nanoparticles on
the crystallization of CaCO3 vaterite, Fe3O4 nanoparticles with
average hydrodynamic radii from 19 ± 7 to 82 ± 16 nm (Table
S1) were synthesized on the basis of the approach previously
established by Rene Massart.45−47 Magnetic CaCO3−Fe3O4
polycrystals were fabricated using coprecipitation as described
in the Experimental Section, with variation of the Fe3O4
nanoparticle contents and the nanoparticle sizes to examine
the influence of these parameters on the characteristics of the
CaCO3 crystals produced.
To demonstrate the magnetic properties of the CaCO3−

Fe3O4 crystals, an external magnetic field induced by a
permanent magnet (a pull off force 70 N, magnetic induction
vector 0.3 T) was applied to the crystals dispersed in water
(viscosity about 1 cP at 25 °C). The prepared CaCO3−Fe3O4
crystals were manipulated by magnetic field even when the
lowest examined concentration of Fe3O4 nanoparticles was
coprecipitated in vaterite (mass ratio of CaCO3 to Fe3O4 as 900
to 1). Crystals demonstrated the immediate response to the

external magnetic field applied. To examine the possibility of
manipulation in viscous media, CaCO3−Fe3O4 crystals were
dispersed in concentrated sodium alginate solution in water
(viscosity about 250 cP for 2% H2O solution at 25 °C). As
expected, an average rate of crystal movement (determined
visually from the time needed for CaCO3−Fe3O4 crystals
placed in media to cover a distance of 1 cm) was significantly
decreased, dropping from 3.3 × 10−1 in water to 1.6 × 10−2 cm
s−1 in 3% sodium alginate solution. However, CaCO3−Fe3O4
crystals were still manipulated in viscous media. Control
experiments with the reference magnetite-free CaCO3 vaterite
showed no response of the crystals to the external magnetic
field at the same conditions. Thus, integration of Fe3O4
nanoparticles into the internal structure of CaCO3 provided
the crystals with magnetic properties.
SEM images of the produced crystals have revealed the

pronounced effect of Fe3O4 nanoparticles on the structure of
the CaCO3 formed (Figure 1, Table S2). Interestingly, addition
of Fe3O4 nanoparticles during calcium carbonate coprecipita-
tion did not result in a change of the typical highly porous
vaterite structure10,11,13,20,52 (Figure 1g) but caused the changes
in shape and morphology, which are dependent on the content
of nanoparticles (Figure 1b−d,f−h). While magnetite-free
CaCO3 crystals are mainly spherical (∼80% by number), the
composite CaCO3−Fe3O4 crystals prepared at the same
conditions possess primarily (up to 70%) a raspberry-like
shape as shown in Figure 1c. For crystals produced at identical
conditions, the average diameter of CaCO3−Fe3O4 raspberry-
vaterite was 4.5 ± 1.0 μm, almost 80% larger than the size of
spherical magnetite-free CaCO3 vaterite (Figure 1a,b). The
designed composite CaCO3−Fe3O4 vaterite crystals possess a
highly developed surface and can be manipulated by an external
magnetic field. Both features make them attractive for
encapsulation and controlled delivery of (bio)molecules.
The CaCO3−Fe3O4 crystals fabricated are rather polydis-

perse for all of the examined Fe3O4 nanoparticles (examples of
crystals are shown in Figure S2) that is typical for the

Figure 1. SEM images showing (a,e) the reference magnetite-free CaCO3 vaterite crystals and the composite CaCO3−Fe3O4 crystals fabricated using
various concentrations of Fe3O4 nanoparticles (average size 34 nm; ζ-potential −17 mV). Ratios of CaCO3 to Fe3O4 were as (b,f) 500:1; (c,g) 50:1;
and (d,h) 5:1. Yellow solid arrows and interrupted lines in (b) and (c) are provided to indicate spherical and raspberry-shaped vaterite crystals. The
dotted arrow in (h) points out the bridge aggregation of the formed CaCO3−Fe3O4 crystals.
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precipitated calcium carbonate. However, the analysis of the
composite CaCO3−Fe3O4 vaterite has revealed the following
dependence. The higher is the content of Fe3O4 nanoparticles
coprecipitated in CaCO3, the larger is an average size of the
CaCO3−Fe3O4 raspberry crystals and the higher is their total
number in the sample (Table S1). The trends observed in the
formation of raspberry crystals can be explained by
heterogeneous nucleation taking place in coprecipitation of
calcium carbonate.11,53−55 Despite its relevance, little is known
about the CaCO3 precipitation mechanism. In the classic
theory, nucleation is considered to take place when saturated
solutions of sodium carbonate and calcium chloride are mixed,
leading to a nucleation of a solid phase via stochastic solute
clustering. The earliest crystal precursor is considered to be a
cluster of critical size: once a critical point is reached, a cluster
becomes thermodynamically able to grow by single-ion
precipitation.54 According to the novel view, there exists a
prenucleation stage at first, when stable clusters with a size of
∼2 nm (about 70 calcium and carbonate ions) are formed.54 In
the early postnucleation stage, crystal species of 5−6 nm were
detected, while smaller clusters disappeared. By this theory,
nucleation is a cluster aggregation (not only a precipitation of
single ions).54 When the critical size is reached, amorphous
calcium carbonate (ACC) precipitates at first.53,54 Amorphous
CaCO3 crystallizes to vaterite via a three-stage process
described in detail by Bots et al.53 The hydrated ACC
nucleated at supersaturated conditions becomes dehydrated
with the concurrent increase of local order. This provides
nucleation and spherulitic growth of vaterite via aggregation of
the clusters presented in the saturated solution (taking place as
long as highly soluble ACC is present in the system). Once all
of the ACC clusters are consumed, vaterite continues to grow
via Ostwald ripening (dissolution/precipitation processes).53

The size and the number of the resulting CaCO3 vaterite
crystals depend on the concentration of clusters nucleated. The
number of the formed nuclei can be increased if one uses a
faster stirring rate, longer stirring time, higher temperature, or
additives such as (bio)macromolecules (proteins, polysacchar-
ides, dyes)11,56 and inorganic nanoparticles.55 According to the
Ostwald rule, Fe3O4 nanoparticles and proteins mixed with
saturated salt solutions act as additional nucleation centers
because metastable vaterite phase tends to precipitate at a
higher local supersaturation (around the additive).53−56 In this
way, higher concentrations of additives provide more
nucleation centers for calcium carbonate crystallization. On
the other hand, high concentration of the growing nuclei
induces their frequent contact with each other (due to stirring

of the suspension) leading to simultaneous growth of
connected (fused) crystals. Formation of such aggregated
vaterite has been previously observed for the nanosized crystals
coprecipitated in the presence of ethylene glycol56 and for
hundred micrometer-sized particles formed in the presence of a
block copolymer containing poly(ethylene glycol)-b-poly-
(aspartic acid).57

This can explain the increased yield of CaCO3−Fe3O4
raspberry crystals (up to about 70%) when a higher
concentration of the Fe3O4 nanoparticles was used. Low
concentration of Fe3O4 nanoparticles (molar ratio of CaCO3 to
Fe3O4 less than 500 to 1) provided an insufficient amount of
nuclei to cause formation of raspberry crystals; magnetic
CaCO3−Fe3O4 vaterite with a quasispherical shape was formed
(Figure 1b,f). Very high concentrations of Fe3O4 nanoparticles
(molar ratio of CaCO3 to Fe3O4 as 5 to 1) caused a bridge
aggregation of the grown CaCO3−Fe3O4 crystals (Figure 1d,h;
the junction between the aggregated crystals is indicated with
the yellow dotted arrow). Such high nanoparticle concen-
trations can also result in a blocking of the pores of CaCO3−
Fe3O4 vaterite crystals, thus limiting the use of the crystals for
loading/release of molecules of interest.

3.2. Recrystallization of the Uncoated CaCO3−Fe3O4
Vaterite. Kinetics of vaterite → calcite recrystallization was
studied for both the reference magnetite-free CaCO3 and the
composite CaCO3−Fe3O4 crystals to examine the effect of
Fe3O4 nanoparticles on the vaterite stability. Vaterite → calcite
recrystallization consists of the dissolution of metastable
vaterite phase (decomposition into ions) accompanied by the
growth of calcite (Figure 2). As evidenced by the SEM images
that captured the recrystallization, the first calcite crystals
appeared after about 2 h of storage in water and primarily in
places with the highest density of CaCO3 (e.g., between several
vaterite crystals contacting each other, Figure 3b) where the
released ions are in excess. These singular calcite nuclei induced
first the dissolution of the nearby vaterite, which provide ions
for calcite growth. As a result, the neighbor vaterite crystals
recrystallized to a “complex” calcite monocrystal with
dimensions of tens micrometer (Figure 2c). The vaterite
crystals that separated in space recrystallized to calcite later (i)
via dissolution followed by ion reprecipitation on the nearest
surfaces of big calcite crystals, or (ii) via in situ transformation
to a single calcite. The observations above are in line with
literature findings that show that the surface of growing calcite
determines the rate of recrystallization.37,38,40,53

The recrystallization mechanism of CaCO3 and CaCO3−
Fe3O4 vaterite has been found to be of similar nature. For both

Figure 2. SEM images of uncoated CaCO3−Fe3O4 vaterite crystals prepared using a 1 mg mL−1 suspension of Fe3O4 nanoparticles (average size 34
nm; ζ-potential −17 mV) after (a) 1, (b) 10, and (c) 26 h after synthesis. Scale bars are 2 μm for all of the images.
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types of crystals, the dependence of calcite content as a
function of time exhibits exponential behavior (Figure 3a). The
recrystallization data obtained for the reference CaCO3 can be
fitted by the following equation: y = 0.41 e0.16x (the squared
correlation coefficient R2 is 0.97). For recrystallization of the
composite CaCO3−Fe3O4 vaterite, the best fitting has been
done using the equation: y = 2.26 e0.14x (R2 is 0.88). As is
evident in Figure 3a, the functions have two well-defined
sections, indicating slow and burst recrystallization. Magnetite-
free CaCO3 crystals kept vaterite modification for a significantly
long time (maximum 2% of calcite phase after 12 h), while
recrystallization of the composite CaCO3−Fe3O4 crystals began
almost immediately after the synthesis (18% of calcite by the
12th hour). Besides this lag-time (0−12th hour), recrystalliza-
tion of the reference magnetite-free CaCO3 is similar to that for
the composite CaCO3−Fe3O4 vaterite.
The exponential behavior observed (Figure 3a) can be

explained by the fact that vaterite → calcite recrystallization is
both a surface-determined and a solution-mediated proc-
ess.37,38,40,53 The vaterite phase has been kept when CaCO3
crystals are in a dry state or placed in nonpolar solvent such as
ethanol; however, vaterite transforms into calcite when
dispersed in water-based solution.42 Metastable vaterite
dissolves into ions, which reprecipitate onto the surfaces of
stable calcite. Dissolution/precipitation processes are called
surface-determined because they involve the ion exchange
taking place on the active surfaces of crystals. The higher is the
total vaterite surface is, the faster is the dissolution process
(more ions are released per unit time). In the same way, the
larger is the calcite total surface, the faster is the precipitation
(more ions are adsorbed). Indeed, new calcite crystals are
constantly formed due to the in situ recrystallization of vaterite.
At the same time, the calcite phase is growing due to
enlargement of the already existing calcite surfaces. As a result,
the vaterite → calcite recrystallization goes faster if more calcite
is presented in the suspension that represents the exponential-
like recrystallization profile (Figure 3a).
On the basis of the recrystallization kinetics obtained (Figure

3a), three time intervals (0, 20, and 40 h after the synthesis of
crystals) were chosen to perform XRD measurements to
identify the crystallinity of CaCO3 (vaterite or calcite) at the
determined recrystallization time and to define the approximate
percentage of the corresponding phase in the sample.58,59 The
measurements at 0 and 40 h should give spectra of only pure
vaterite and pure calcite, respectively. The middle point (20 h)
should show a superposition spectrum in which both vaterite
and calcite are present in the samples.
The spectra obtained (Figure 4) are in a good agreement

with the literature data; all of the peaks observed correspond to
vaterite or calcite.48,49,58,59 Note that the aragonite phase has
never been observed in the calcium carbonate crystals
fabricated,60 most probably due to the synthesis and
recrystallization of CaCO3 performed at low temperatures
(aragonite appears at higher temperature or pressure).53,56 As
can be seen from the deconvoluted XRD data obtained for the
composite CaCO3−Fe3O4 crystals (Figure S4), 111 plane of
aragonite does not merge. There are no characteristic peaks at
2θ of 26.213° and 27.216°, and the other strong peak of
aragonite at 45.853° is also not observed, pointing to the
absence of aragonite phase in the calcium carbonate crystals
produced. Indeed, the highly intensive vaterite peaks
corresponding to the (020), (110), (120), (220), and (211)
Miller index of vaterite (Bragg peaks at 23.9°, 27.0°, and 32.8°)

Figure 3. Content of calcite crystals as a function of time for (a)
uncoated CaCO3 and CaCO3−Fe3O4 vaterite and for (b,c) vaterite
coated with (PAH/PSS)n polyelectrolyte shell (n is 1,3,5). CaCO3−
Fe3O4 crystals were prepared using 1 mg mL−1 Fe3O4 colloid (average
size 34 nm; ζ-potential −17 mV). CaCO3−Fe3O4/(PAH/PSS)n
crystals were produced using 1 mg mL−1 Fe3O4 colloid (average size
70 nm; ζ-potential −27 mV) (Table S1). The interrupted lines are the
trend lines plotted for the data points obtained to guide the eye.
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are present on the graphs at 0 and 20 h, but they disappear after
40 h, when the sample became definitively calcite as shown by
SEM (Figure 2c). In the same way, the indicative peaks of
calcite that corresponded to the (104), (110), (113), and (113 ̅)
calcite crystalline planes (Bragg peaks at 29.4°, 36.0°, 39.4°)
have low intensity on the spectra at 0 h, but are significantly (10
times) increased at 20 h. This demonstrates the increase of the
calcite content from negligible initially (at 0 h) to the dominant
phase after 20 h. The XRD data obtained after 40 h
demonstrate only strong peaks related to calcite phase meaning
that all of the crystals became calcite by that time.
XRD analysis performed for crystals incubated for 20 h

demonstrated the indicative peaks of both vaterite and calcite
phases indicating partial vaterite → calcite recrystallization.

According to these data, different peak intensities are observed
for reference CaCO3 and composite CaCO3−Fe3O4 crystals
that can be explained by different rates of vaterite → calcite
recrystallization. For the reference Fe3O4-free sample, less than
60% of CaCO3 crystals became calcite by the 20th hour; this
value is 80% for the composite CaCO3−Fe3O4 crystals,
indicating faster vaterite → calcite recrystallization for Fe3O4-
containing vaterite (in line with the recrystallization kinetics
extracted from the SEM data, Figure 3a).
The crystallite sizes of the crystals have been estimated by

the Scherrer equation on the basis of the three most intensive
vaterite peaks for each spectra of the reference CaCO3 and the
composite CaCO3−Fe3O4 crystals. The crystallites have been
found to be 31 ± 4 and 33 ± 12 nm for initial crystals (0 h)
slightly decreasing after 20 h to 31 ± 10 and 25 ± 11 nm,
respectively. This decrease can be possibly explained via the
dissolution of a finite amount of vaterite crystallites and also by
the partial recrystallization of vaterite phase to calcite.
Moreover, the slightly smaller crystallite size of the composite
CaCO3−Fe3O4 vaterite (25 ± 11 nm) as compared to the
reference CaCO3 (31 ± 10 nm) can also be explained by the
effect of nanoparticles accelerating the dissolution of calcium
carbonate. The calcite crystallite sizes were 89 ± 12 nm for the
composite and 75 ± 10 nm for the reference crystals after 40 h
of incubation, when the samples were completely recrystallized
to calcite.
The indicative peaks of Fe3O4 magnetite nanoparticles have

not been found on the XRD spectra of CaCO3−Fe3O4 crystals
at any time. The probable reason is that the content of Fe3O4
nanoparticles is low as compared to the calcium carbonate
(Table S1), so the stronger indicative peaks of vaterite and
calcite dominate over refractive peaks of magnetite (if we
consider the XRD spectra of Fe3O4 nanoparticles,

61,62 JCPDS-
019-0629).

3.3. Loading/Release of the Protein. To use the
composite CaCO3−Fe3O4 vaterite as externally manipulated
delivery systems with recrystallization-mediated release, the
crystals should possess a porous internal structure suitable for

Figure 4. XRD data obtained for the reference CaCO3 and the
composite CaCO3−Fe3O4 crystals obtained for the crystals incubated
for 0, 20, and 40 h at 25 °C. Peaks indicated with black and red squares
correspond to vaterite and calcite phases, respectively.

Figure 5. Fluorescent and optical transmittance images of the composite CaCO3−Fe3O4 crystals (formed using colloid of 3 nm-sized Fe3O4
nanoparticles in water at concentration 1 mg mL−1) loaded with FITC-lysozyme by (a,b) coprecipitation and (e,f) solvent evaporation approaches.
Fluorescence radial profiles (c) and (g) correspond to the crystals indicated with the white interrupted circles in images (a) and (e), respectively. (d)
Recrystallization-mediated release of FITC-lysozyme from CaCO3−Fe3O4 crystals.
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loading of (bio)active molecules of interest. As demonstrated
above by the SEM images, the magnetic CaCO3−Fe3O4 crystals
produced in this work have a highly porous inner structure
(Figure 1g), similar to the common magnetite-free CaCO3
vaterite (Figure 1e), well-known as an attractive system for
templating of (bio)molecules.14−17 To provide evidence that
the integration into vaterite Fe3O4 nanoparticles did not cause
the blocking of the pores (i.e., pores suitable for loading),
FITC-lysozyme was encapsulated into the composite CaCO3−
Fe3O4 crystals (Figure 5). CLSM measurements revealed the
homogeneous distribution of the additives over the internal
vaterite structure (Figure 5a,c) when the protein was
coprecipitated with salts. In the case when FITC-lysozyme
was adsorbed into the pores of the already fabricated CaCO3−
Fe3O4 vaterite, protein molecules were mainly distributed in the
near-surface area of the crystals (Figure 5d,f). This can most
probably be explained by the sterical limitations of the lysozyme
macromolecules (hydrodynamic radius about 2 nm)63 to fill all
of the pores over the crystals. Lysozyme did not permeate in
the central part of vaterite (Figure 5d,f), demonstrating that the
composite CaCO3−Fe3O4 crystals have the internal structure
denser (smaller pores) than the near-surface structure. In this
way, both encapsulation approaches used (coprecipitation and
solvent evaporation) have been shown to be successful in
protein loading. This means that the internal and the near-
surface pores of vaterite were not blocked by the precipitated
Fe3O4 nanoparticles, so that the porous structure of the
composite CaCO3−Fe3O4 crystals can be used for the loading/
release of (bio)molecules.
The FITC-lysozyme-loaded CaCO3−Fe3O4 vaterite was used

to investigate the recrystallization-mediated release of protein.
As can be seen from the release profile (Figure 5d), after the
first 15 h about 9 ± 3% of the encapsulated protein was found
in the solution. The slow release observed is in line with the
recrystallization kinetics of the composite CaCO3−Fe3O4
crystals (a slow vaterite → calcite transformation for the first
hours, Figure 3a) and can be explained by adsorption−
desorption processes taking place on the crystal surfaces.
Within the next 20 h (when all vaterite became calcite, Figure
3a), 70% of the encapsulated FITC-lysozyme was released into
the solution; the curve reaches a plateau (Figure 5d). Finally, 82
± 12% of the encapsulated protein was released into the media.
Most probably, the rest protein macromolecules were captured
between the “complex” calcite (as in Figure 2c) and
electrostatically binded to the surfaces of calcite (isoelectric
point of lysozyme 9.32).64

3.4. Recrystallization of the CaCO3−Fe3O4 Vaterite
Coated with (PAH/PSS)n Polyelectrolyte Shell. Experi-
ments on the study of vaterite → calcite recrystallization
kinetics were repeated for the reference CaCO3 and the
composite CaCO3−Fe3O4 crystals covered with (PAH/PSS)n
multilayers (n is 1,3,5) to reveal the influence of the
polyelectrolyte shell on the vaterite stability. It is expected
that the polyelectrolyte multilayer shell assembled on the
vaterite crystals should inhibit the ionic exchange occurring in
the near-surface region. Thus, the dissolution of vaterite
followed by the growth of calcite phase should be prevented.
Importantly, the deposited polyelectrolyte multilayers did not
cause any loss of magnetic properties of the crystals.
In general terms, vaterite crystals covered with the (PAH/

PSS)n shell were recrystallized to calcite by the same
mechanism as uncoated as described in the previous section.
However, as is evident from the recrystallization curves

obtained (Figure 3b,c), the polyelectrolyte coating has
dramatically affected the recrystallization kinetics for both
CaCO3 and CaCO3−Fe3O4 crystals. Only the recrystallization
kinetics of vaterite coated with a single (PAH/PSS)1
polyelectrolyte bilayer is similar to that observed for the
crystals without a shell (Figure 3). Most probably, this is
because the shell consisted of a single bilayer is too thin to
prevent the ion-exchange at the surface and, therefore, to affect
the recrystallization kinetics. As is evident from the graphs
(Figure 3b,c), the thicker is the polyelectrolyte shell, the slower
is the vaterite → calcite recrystallization rate.
As supposed, the identically thick (PAH/PSS)5 shells should

provide similar recrystallization kinetics for CaCO3 and
CaCO3−Fe3O4 crystals. However, the composite CaCO3−
Fe3O4/(PAH/PSS)5 crystals were recrystallized to calcite much
faster than the reference CaCO3/(PAH/PSS)5 vaterite (7 and
19 days, respectively). The only explanation is that Fe3O4
nanoparticles accelerate the vaterite → calcite recrystallization
as described further.
SEM measurements revealed the presence of hollow (PAH/

PSS)5 polyelectrolyte capsules (Figure 6) after vaterite →

calcite recrystallization had been completed. Most probably, the
inner dissolution of carbonate core played a role because the
surface of the CaCO3−Fe3O4 crystals was well-protected by the
LbL-assembled shell. As mentioned in the Experimental
Section, Fe3O4 nanoparticles were stabilized with citric acid
obtaining a negative electrokinetic potential (Table S1). As
discussed earlier, when mixed with the salts, each Fe3O4
nanoparticle (or their clusters) became nucleation centers for
ion precipitation (leading to aggregation and formation of the
raspberry-vaterite). Most probably, the negatively charged
Fe3O4 nanoparticles integrated into the internal CaCO3
structure decreased the order of the crystal lattice (acting as
defects or impurity atoms in the solid crystals). Therefore, they

Figure 6. SEM images of CaCO3−Fe3O4/(PAH/PSS)5 crystals
prepared using a suspension of Fe3O4 nanoparticles of an average
size 70 nm and ζ-potential −27 mV: (a) CaCO3−Fe3O4 crystals
without polyelectrolyte shell, and CaCO3−Fe3O4/(PAH/PSS)5
crystals (b) after 1 day of incubation at 25 °C, (c) after 8 days, and
(d) after 14 days. Scale bar is 2 μm for all of the images.
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can play a role in domains accelerating the internally initiated
dissolution of calcium carbonate crystals. In this way, even
coating of the surface with a polyelectrolyte shell (preventing
the ion-exchange between the crystal surface and the solution)
did not protect the composite CaCO3−Fe3O4 vaterite from
dissolution for the same time as the reference CaCO3 vaterite
(Figure 3b,c). Ions appearing inside the CaCO3−Fe3O4 vaterite
were released outside followed by the usual precipitation on the
calcite surfaces (see the previous section). As a result, the
empty (PAH/PSS)5 polyelectrolyte capsules were kept after the
vaterite dissolution had been completed (Figure 6), while
calcite structures appeared in other places (Figure 2).
To summarize, two factors determine recrystallization of the

LbL-coated CaCO3−Fe3O4/(PAH/PSS)n vaterite: (i) thickness
of the polyelectrolyte shell protecting the vaterite surface from
the ion exchange-mediated dissolution, and (ii) content of
Fe3O4 nanoparticles accelerating the inner dissolution of the
composite CaCO3−Fe3O4 crystals. This assumption is in a line
with the recrystallization kinetics obtained for the composite
CaCO3−Fe3O4 and the reference CaCO3 vaterite (Figures
3b,c).
Another important point is that the completely recrystallized

CaCO3−Fe3O4 crystals were not manipulated by the external
field applied. Indeed, magnetic properties of the CaCO3−Fe3O4
crystals were provided by Fe3O4 nanoparticles integrated into
the mesoporous vaterite. Recrystallization from metastable
vaterite to calcite caused the release of the previously integrated
Fe3O4 nanoparticles, so that the magnetic properties were lost.
The elementary composition analysis performed for the
CaCO3−Fe3O4/(PAH/PSS)n crystals (data not shown)
revealed a total absence of iron in the structures completely
recrystallized to calcite (such as in Figure 3f). At the same time,
iron was presented in both not yet recrystallized CaCO3−
Fe3O4/(PAH/PSS)5 vaterite (as in Figures 3a and 6a,b) and
even in the empty (PAH/PSS)5 polyelectrolyte microcapsules
formed after calcium carbonate core dissolution (Figure 6c,d).
This means that the thickness of the polyelectrolyte shell is
high enough to keep the Fe3O4 nanoparticles inside, opening
the ways to manipulate the external magnetic field not only
with CaCO3−Fe3O4/(PAH/PSS)n crystals but also with
(PAH/PSS)n microcapsules formed after the crystal dissolution.

4. CONCLUSIONS
In this work, the coprecipitation approach was applied to
prepare the composite CaCO3−Fe3O4−protein vaterite. The
crystals possess a characteristic raspberry-like shape, which
enhances the active surface for higher loading capacity. Fe3O4
nanoparticles integrated into the mesoporous internal structure
of CaCO3−Fe3O4 provide the crystals with the ability to be
manipulated in solutions of various viscosity by the external
magnetic field applied. The recrystallization of the composite
CaCO3−Fe3O4 crystals results in the total loss of magnetic
properties because all of the additives encapsulated in calcium
carbonate (including both Fe3O4 nanoparticles and protein) are
released from vaterite when recrystallized to nonporous calcite
phase. In this way, the recrystallization-mediated release of the
vaterite-encapsulated molecules can be performed.
The kinetics of vaterite → calcite recrystallization exhibits

exponential behavior and depends on the ion-exchange
between the dissolving vaterite phase and the growing calcite
surfaces. Coating of CaCO3−Fe3O4 crystals with the (PAH/
PSS)n multilayers suppressed the ion-exchange and, thus,
inhibited the vaterite → calcite recrystallization. The higher

was the thickness of the polyelectrolyte shell, the slower was the
recrystallization. The 5-bilayer shell extended the recrystalliza-
tion time of the reference CaCO3 vaterite from 34 h to 19 days.
At the same time, Fe3O4 nanoparticles integrated into vaterite
most probably reduced the order of the crystal lattice
accelerating the inner dissolution of calcium carbonate. Thus,
the recrystallization of the composite CaCO3−Fe3O4 vaterite
can be affected by the ion exchange going on the crystal
surfaces, and by the content of Fe3O4 nanoparticles reducing
the crystallinity of CaCO3. Control over these factors can adjust
the vaterite → calcite recrystallization kinetics, that is, the
recrystallization-mediated release.
As a result of recrystallization of the composite CaCO3−

Fe3O4/(PAH/PSS)5 crystals, the (PAH/PSS)5 microcapsules
were formed. After dissolution of calcium carbonate, Fe3O4
nanoparticles were found in the polyelectrolyte capsules. This
allows for manipulation by an external magnetic field of both
CaCO3−Fe3O4 crystals and (PAH/PSS)5 capsules self-
assembled on the crystals. The simultaneous encapsulation of
the protein and Fe3O4 nanoparticles into the calcium carbonate
vaterite performed can open new ways to design multifunc-
tional carriers with external manipulation for target delivery.
The release kinetics of the encapsulated protein can be tuned
by both the initial concentration of encapsulated Fe3O4
nanoparticles and the thickness of the assembled polyelec-
trolyte shell.
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