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Promising candidates for the development of universal nano-
scale delivery systems are porous inorganic nanoparticles.[1]

Recently, the applications of porous silicon in a multistage
delivery system,[2] in polymer coated nanocarriers,[3] and of
porous silica as core material for lipid bilayers[4] have
attracted great attention. A system with similarly high
potential, but less studied so far, is porous calcium carbonate
in the form of polycrystalline vaterite spheres.[5] It has been
shown to exhibit various beneficial properties such as
biocompatibility, high drug loading capacity, and preservation
of the loaded drugs� properties.[6] However, all these works on
CaCO3 were performed with micrometer-sized particles, since
the fabrication of nanocontainers turned out to be a big
challenge. The common synthesis method of mixing salt
solutions allowed producing container sizes of 3 to 15 mm,[5b]

while the best reproducibility was reached for sizes of about
4 mm[6b, 7] with a porosity of 40%. Yet, the most promising
applications demand sub-micrometer size containers, for
example, active coating[8] or drug delivery,[9] since smaller
sizes favor efficient and homogeneous distribution and give
access to micrometer-sized structures such as cells or tissue.

Herein we report, for the first time, the fabrication of sub-
micron porous vaterite containers, their loading with a probe
payload, and its release. Their synthesis is based on crystal
growth of polycrystalline, spherical vaterite particles, precipi-
tated from concentrated solutions of CaCl2 and Na2CO3.

[10]

The nucleation and growth rate of the vaterite spheres is
determined by the supersaturation level of the dissolved
amorphous CaCO3.

[11] The final size of the vaterite particles
depends strongly on the concentration of the reagents, the
solubility of the salts, the reaction time, and the rotation
during mixing. It was shown that increasing the concentration
of the salts up to 1m, the rotation speed up to 1500 rpm, and
the reaction time to 2 min allowed reducing the vaterite
particle size to 3 mm.[12] A particle size reduction beyond these
values has so far not been achieved, since vaterite was found
to become unstable in water below this critical size, leading to

a rapid recrystallization to the calcite phase.[13] This recrystal-
lization is due to the growing surface-to-volume ratio and
enhanced solubility with decreasing particle size.

We resolved this problem by adding ethylene glycol (EG)
as a solvent, offering an enhanced density and reduced
solubility of CaCO3. This diminished the molecular diffusion,
reducing the crystal growth rate and the probability of
nucleation, which finally stabilized the vaterite crystals.

Experimental evidence of these effects is presented in
Figure 1, where the average of the vaterite particle size
distribution is shown as a function the reaction time for

various EG concentrations. A minimum particle size was
obtained at 83 % EG concentration and 2 h of mixing, where
stable vaterite spheres of (430� 10) nm average diameter
were produced. All size distributions exhibited a constant
dispersity[14] of 1.4 (see Supporting Information). The under-
lying data was obtained by scanning electron microscopy
(SEM; Figure 2a).

As a next step, payload encapsulation into these vaterite
sub-micron containers was studied using the fluorescent dye
Rhodamine 6G (Rh6G) as a probe substance. Two-photon
fluorescence microscopy allowed monitoring the encapsula-
tion and release properties of vaterite particles in various
immersion media. This technique offered enhanced signal-to-
noise ratio and reduced photobleaching in repeated imaging
with respect to confocal microscopy, the much reduced photo-

Figure 1. Average diameter of the vaterite particles plotted as a
function of the reaction time for various EG concentrations. (*) pure
water solution, (!) 17% ethylene glycol, (&) 50% ethylene glycol,
(N) 83% ethylene glycol. The selected error bars show the standard
deviations (see Supporting Information).
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toxicity will be of advantage in future experiments on in-vivo
interactions of containers with cells. The optical studies were
complemented by zeta potential measurements.

Figure 2b shows the Rh6G fluorescence signal from a
loaded vaterite container (see also Supporting Information,
Figure S2). Dye molecules penetrated through the porous
structure into the whole crystal. The zeta potential of the bare
430 nm vaterite particles was found to be �(26�5) mV. In
3 mm vaterite particles this value was found to be
�(12.2�2.5) mV,[15] which manifests an increased stability of
the sub-micron containers, another favorable feature. After
the Rh6G adsorption this value increased to + 7 mV.

Thereafter, payload release was studied using the same
techniques. Dye release was observed on two timescales:
Firstly, a very slow diminishing of the containers� fluorescence
(on the order of weeks) which was found in all immersion
media due to desorption of dye molecules from the capsules.
Secondly, in aqueous media, a fast drop in fluorescence was
observed (within hours), which due to spatial and temporal
coincidence can be attributed to a dye release during
recrystallization of the vaterite containers (Figure 2a) to
calcite (Figure 2c). After recrystallization, residual fluores-
cence was observed only at the borders of the calcite crystals
(Figure 2d), while the dye from the crystal center was
dispensed, which is emphasized by the line profile insets in
the Figures 2b and d. Large-scale images of loading and
release of container clusters are provided in Supporting
information, Figure S1. The zeta potential after recrystalliza-
tion was measured to be 0 mV.

This release process is of special interest, because it can be
controlled externally by the immersion medium. Firstly, the
time scales of this process have been found to be size-

dependent. Generally, they increase with decreasing particle
size. Secondly, we investigated in detail the smallest 430 nm
containers in diverse immersion media. Figure 3 shows the

dynamics of the CaCO3 phase transition. After immersion of
the calcite containers in water, recrystallization to calcite sets
in after 45 h lasting 44 h. To inhibit recrystallization, contain-
ers were immersed in pure ethanol, in this case only the slow
dye desorption process was observed, leaving vaterite crystals
intact. An acceleration of the recrystallization process was
achieved by immersion in sodium chloride. For 0.9% (w/v) of
NaCl, corresponding to physiological saline solution, the time
for recrystallization onset decreased to 20 h lasting 41 h.
Adding the containers to phosphate buffered saline (PBS,
0.1m, pH 7.4), the recrystallization onset dropped to 4 h
lasting 56 h and another crystal structure besides vaterite was
found. There are strong indications of this being hydroxyl-
apatite (Ca5(PO4)3(OH)).[16] This new recrystallization mech-
anism, after an ion-exchange reaction with the medium,
contributes to the dye release at early times, the time of
completion remains the same since the calcite formation time
scale seems not affected.

In conclusion, it was shown that sub-micron containers
can be prepared from vaterite spherical particles, pushing the
previous size limit by almost one order of magnitude. Active
substances can be loaded under mild conditions into their
porous structure, and in an aqueous environment the
recrystallization to calcite permits a controlled release. The
big advantages of this system are its simplicity and cost-
effectiveness, the bio-compatibility, and its universal applic-
ability. For applications requiring further control of the drug
release, various coatings can be added to the vaterite
containers, as shown in numerous publications (reviewed for
example, by Antipina and Sukhorukov[17]). Depending on the
surface modification, the release can then be triggered by
change of pH[18, 6b] or temperature,[19] by ultrasound[20] or laser
illumination.[21]

Experimental Section
All utilized chemicals were purchased from Sigma–Aldrich and used
without further purification. Spherical colloidal CaCO3 particles were

Figure 2. Bimodal microscopic images of the containers: the SEM
images show the 430 nm vaterite containers after their synthesis (a)
and the calcite single crystals after recrystallization (c). The two-
photon excited fluorescence images show a single vaterite container
loaded with Rh6G (b), after recrystallization only a residual amount of
dye attached to the calcite edges could be observed (d; see also
Figure S1). The insets in (b) and (d) show fluorescence intensity
profiles along the marked axes.

Figure 3. The dynamics of the recrystallization process: In ethanol
sub-micron vaterite containers are stable over 100 h, while in water
recrystallization to calcite sets in after 45 h and is completed after
89 h. Adding 0.9% NaCl to the solution moves forward the onset and
completion of the recrystallization to 20 h and 61 h, respectively.
Immersion in PBS (0.1m, pH 7.4) leads to a drop in recrystallization
onset to 4 h which is completed after 60 h, in this case in addition to
the transition to calcite, the formation of hydroxyapatite crystals was
observed.
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prepared as described by Volodkin et al.:[7a] Amorphous CaCO3

precipitates, formed as a result of colloidal aggregation during rapid
mixing of CaCl2 and Na2CO3 aqueous solutions, are transformed into
ordered spherulites of micrometer sizes. The following processing
conditions were chosen: CaCl2 and Na2CO3 concentrations of 0.33m,
rotation speed of 500 rpm (with magnetic stirring) at room temper-
ature, and varying reaction times from 30 s to 3 h.

To prepare sub-micron vaterite spherical particles, ethylene
glycol (EG) was added to the reaction solution. To study its influence
on the size of the vaterite spheres, the concentration of the EG was
varied from 0 to 83 % (for the latter, Na2CO3 and CaCl2 were
dissolved each in 2 mL water and 10 mL EG). When the process was
finished, CaCO3 particles were carefully washed with ethanol and
dried for 1 h at 60 8C.

For the encapsulation of Rhodamine 6G, a solution (2 mL) of
Rhodamine 6G (1 mgmL�1 in water) was added to dried vaterite
containers (30 mg), the uptake happened during 30 min of shaking.
After centrifuging with 3200 � g for 3 min, the remaining free dye
molecules where removed by washing 3 times with ethanol (2 mL),
then the sample was dried again for 3 h at 60 8C. The dry sub-micron
containers could be stored for at least 30 days without any sign of
degradation. Storage in ethanol gave equally good result.

To investigate the recrystallization and release process, the
containers (7 mg) were immersed in various media (1.5 mL) in
Eppendorf tubes under constant vortexing.

The containers� morphology was measured using a XL 30 field
emission environmental scanning electron microscope (FEI-Philips).
Size distribution of the vaterite containers and the transition between
vaterite and calcite phase were imaged with magnifications from
5000 � to 50000 � . Statistical image analysis was performed using
ImageJ (NIH, http://rsb.info.nih.gov/ij/) based on N = 100 particles
per sample.

The optical studies of the encapsulation and the release processes
were performed using a two-photon laser scanning microscope
(Ultima IV, Prairie Technologies) with a 100 � objective (NA 1.0,
water immersion, Olympus) and an ultra-short pulsed laser (Mai Tai
Deep See HP, Spectra-Physics) as an excitation source at 840 nm
wavelength. The adsorption of the fluorescent probe was controlled
by zeta potential measurement using a particle size analyzer (Delsa,
Beckman Coulter).
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