Zweitveroffentlichung/ Staats- und

Secondary Publication Universitatsbibliothek
Bremen

https://media.suub.uni-bremen.de

V. Lauth, M.Maas, K. Rezwan

An evaluation of colloidal and crystalline properties of CaCO3 nanoparticles for biological
applications

Journal Article as: peer-reviewed accepted version (Postprint)

DOI of this document* (secondary publication): 10.26092/elib/2484
Publication date of this document: 18/09/2023

* for better findability or for reliable citation

Recommended Citation (primary publication/Version of Record) incl. DOI:

V. Lauth, M. Maas, K. Rezwan,

An evaluation of colloidal and crystalline properties of CaC0O3 nanoparticles for biological applications,
Materials Science and Engineering: C, Volume 78, 2017, Pages 305-314, ISSN 0928-4931,
https://doi.org/10.1016/j.msec.2017.04.037.

Please note that the version of this document may differ from the final published version (Version of Record/primary
publication) in terms of copy-editing, pagination, publication date and DOI. Please cite the version that you actually used.
Before citing, you are also advised to check the publisher's website for any subsequent corrections or retractions

(see also https://retractionwatch.com/).

This document is made available under a Creative Commons licence.

The license information is available online: https://creativecommaons.org/licenses/by-nc-nd/4.0/

Take down policy
If you believe that this document or any material on this site infringes copyright, please contact
publizieren@suub.uni-bremen.de with full details and we will remove access to the material.



An evaluation of colloidal and crystalline properties of CaCOs
nanoparticles for biological applications

V. Lauth 2, M. Maas *”*, K. Rezwan ®P

2 Advanced Ceramics, University of Bremen, Am Biologischen Garten 2, 28359 Bremen, Germany
> MAPEX — Centre for Materials and Processes, University of Bremen, Bremen 28359, Germany

ARTICLE INFO ABSTRACT

Article history:

Received 7 February 2017

Received in revised form 5 April 2017
Accepted 6 April 2017

Available online 7 April 2017

Biodegradable calcium carbonate carriers are a promising and safe nanoparticle platform which might enable
various applications as an engineered nanomaterial in health care, food and cosmetics. However, engineered
nanoparticles can exhibit new forms of toxicity that must be carefully evaluated before being widely adopted
in consumer products or novel drug delivery systems. To this end, we studied four common calcium carbonate
particle systems (calcite nanoparticles, amorphous sub-micrometer and vaterite sub-micrometer and microme-
ter particles) and compared their behavior in biological medium and in cell culture experiments. The thermody-
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Crystallinity namically stable calcite phase is shown to maintain its morphological features as no phase transformation occurs.
Solubility Size- and time-dependent phase transformation of the less stable vaterite particles are observed within 96 h in

cell medium. The protein serum albumin can be an effective inhibitor of phase-transition and it is shown to im-
prove colloidal stability. The impact of the biological environment goes beyond protein-corona formation, as we

Colloidal stability
Phase-transformation

Cytotoxicity observed rapid dissolution of amorphous particles in high ionic strength cell medium, but not in Millipore water.
CDe“”l;r l‘fptake Cellular responses of human osteoblasts against CaCOs particles indicate that increased intracellular calcium ions
rug delivery

improve viability and that particle internalization is not size-dependent. Useful insights for designing CaCO3-
based delivery systems are provided and also corroborate to the idea that intrinsic material properties as well
as environmental conditions are of relevance for the successful implementation of dispersed CaCOs particles in

drug delivery systems and in other applications.

1. Introduction

The use of engineered nanoparticles (ENPs) in consumer products
is becoming increasingly prevalent [1]. Clothing [2], cosmetic [1] and
food industries [3] are just a few examples of today's use of ENPs. The
particles are mainly applied as pigments and fillers, for the occlusion
and delivery of active ingredients and as antimicrobial agents. Another
field in which the use of nanoparticles holds great potential is
nanomedicine [4,5], especially considering tumor targeting, diagnostics,
imaging and treatment [6]. With the increasing use of ENPs, the neces-
sity for nanosafety assessments is well recognized [2], as evidenced by
the strong increase in the publications numbers within the past two de-
cades [7].

As a consequence of various strategies to trick the immune system,
like change of particle aspect ratio or functionalization with stealth
polymers and self-peptides, these colloidal systems are able to avoid
clearance [8,6,9]. Accordingly, these materials can exhibit new forms
of toxicity, especially as a result of long-term accumulation in the
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body [10]. To avoid such undesirable effects, biodegradable and biocom-
patible materials are a promising option. Food and Drug Administration
(FDA)-approved polymers like chitosan and poly(lactate) (PLGA)
received special attention as they are well tolerated by the body [9]. An-
other alternative is the use of endogenous materials, like calcium phos-
phate, calcium carbonate and phosphosilicates [11]. Calcium carbonate
(CaC0s3) holds great potential, as it is highly pH-sensitive and dissociates
into calcium and carbonate ions, which already are ubiquitous in the
body.

CaCOs exists in six different crystal morphologies: the naturally oc-
curring calcite, aragonite, vaterite and amorphous calcium carbonate
(ACC) phase and the highly unstable ikaite and monohydrocalcite.
Only calcite is thermodynamically stable, while aragonite and vaterite
are slightly unstable and tend to transform into calcite in the presence
of water/humidity [ 12-14]. The same is true for amorphous calcium car-
bonate which in nature often occurs as a precursor to the more stable
polymorphs [15]. All CaCO5; polymorphs have a certain solubility in
water which is determined by the solubility product and scales with
the thermodynamic stability of each crystal phase [16]. This instability
is more pronounced at the nanoscale, at which solubility and reactivity
increases due to an enhanced surface to volume ratio [17]. Additionally,
the dissolution rate is known to be highly dependent on the intrinsic
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nature of the particles (composition and crystal phase) [15] as well as
on the environmental conditions (pH, presence of proteins and calci-
um-chelating moieties, ionic strength) [18-20]. Moreover, the dissolu-
tion of nanoparticles in biological medium can impact the biological
systems interacting with the material, potentially changing the toxicity
behavior from nano to ion-related [7]. Given that, to properly design
CaC0s3-based drug delivery systems (DDS) or similar nanostructures
with dispersed CaCOs3 particles considering particle solubility in the re-
spective media is critical. Furthermore, colloidal stability and conse-
quently biological availability of CaCO3 particles could be influenced
by their crystal phase and morphology as a consequence of different
surface properties of the nanomaterials including their interactions
with media biomolecules.

As a result of the detailed and inspired studies of CaCO3 biomineral-
ization, a vast number of publications report the design of CaCO3 parti-
cles for drug delivery. However, just for a fraction of these publications
in vitro or in vivo studies were performed [21-65]. The latter studies
evaluated different aspects of the CaCOs-cellular interactions: intracel-
lular behavior [36,65], pH modulation [37], bubble generation [34,35,
53], bone remodeling [24], photothermal therapy [22,28,43,49], drug/
protein delivery [21,23,25-27,29-33,38,41,42,46-48,50-52,60-62],
gene transfection [44,45,54-59], cellular uptake [63], toxicity [40,65]
and bioavailability studies [39,64,65]. Among these publications, crys-
talline particles like calcite, vaterite and aragonite [38] phases have
been utilized. These particle-systems varied in size from bulk material,
to micrometer (1-1.5 um), sub-micrometer (150-800 nm) and nano-
meter (30-100 nm) particles. In the case of amorphous carriers, the
range of particle size was narrower, from 100 to 230 nm [44-49]. In
some cases, the interplay of both amorphous and crystalline CaCO3
phases was also reported [24,41-43]. In others, the crystallinity of the
particles was not described [50-65]. Moreover, the aforementioned sys-
tems were tested with different cell culture media, incubation periods
and cell lines. While most studies report viable nanoparticle systems
in their own context, comparing the results is a challenging task. The
lack of standardization when assessing biological responses [66] along
with the incomplete information on the colloidal characterization
makes it difficult to generalize the results, especially considering the
real-live performance of particle-based drug delivery systems.

With the above discussion in mind, we designed a study that would
allow us to compare the biological behavior of different CaCO3 systems
with varied crystallinity, solubility and colloidal properties. To this end,
we analyzed the material properties of four different types of CaCOs par-
ticles commonly described in the literature as potential drug delivery
systems and investigated their biological behavior against human oste-
oblasts in the Dulbecco's Modified Eagle's Medium (DMEM). Here, we
focused on the changes in material properties in the cell medium and
on the impact of the particles on the cells. For our study, we chose cal-
cite, ACC particles and vaterite particles in the range of 90 nm to 1 pm
which we consider representative in regards to polymorphism and
size of those described in the literature as potential drug delivery
systems.

2. Materials

Calcium chloride (CaCl, dihydrate, purity > 96%), sodium carbonate
(NaCOs, purity > 99.5%), poly(acrylic acid) sodium salt (PAA, M,
8000 g/mol, 45 wt% in water), bovine serum albumin (BSA, lyophilized
powder), glycerol (Gly, purity > 99.5%), sodium hydrogencarbonate
(NaHCOs, purity > 99.5%), ethylene glycol (EG, purity > 99%) were pur-
chased from Sigma-Aldrich and used without further purification. The
experiments were performed using double deionized water with a con-
ductivity of 0.04 mS cm™' from Synergy (Millipore, Darmstadt,
Germany).

Cell culture tests were carried out on human osteoblast cells (HOB,
lot no. 232R020412 obtained from Provitro - Germany). Dulbecco's
Vogt modified Eagle's minimal essential medium (DMEM, high

glucose), antibiotic-antimycotic (AB/AM), Alexa Fluor 488 phalloidin
(AF488) were obtained from Invitrogen (Germany). Fetal calf serum
(FCS), phosphate buffered saline (PBS), trypsin-ethylenediaminetetra-
acetic acid (0.25% trypsin, 0.02% EDTA), Triton X-100, 4',6-diamidino-
2-phenylindole (DAPI, 0.5 pg/mL), paraformaldehyde (PFA, 95.0-
100.5%), osmium tetroxide solution (0sOg4, 4% in water), glutaraldehyde
solution (Grade 1, 25% in water) and an epoxy embedding medium kit
(Epon 812 substitute) were purchased from Sigma-Aldrich (Germany).
The water-soluble tetrazolium salt (WST-1) cell toxicity assay (Roche
Diagnostics GmbH, Germany) and the lactate dehydrogenase (LDH)
Pierce assay (Thermo Scientific, Germany) were directly purchased
from the suppliers.

2.1. Synthesis of crystalline and amorphous nanoparticles

Calcite nanoparticles, purchased from PlasmaChem GmbH (Berlin,
Germany) are produced by a sol-gel process and used as purchased.
Amorphous particles were prepared as previously described [67]. In
short, 10 mL aqueous solution with a final concentration of 1.9 g/L of
PAA and 12 mM of CaCl, was prepared. To mineralize the particles, an
aqueous solution of Na,CO3 was added to the reach the final concentra-
tion of 12 mM. The suspension was centrifuged at 5000 rpm for 10 min,
the supernatant discarded and particles dried in an oven at 70 °C for 1 h.

Vaterite particles were prepared in a similar way as previously re-
ported [37,68-70]. Micrometer particles were synthesized in a
water:EG solution (1:6, v/v). First, 207 pL of 2 M CaCl, aqueous solution
was first added to 4.15 mL of EG solution, stirred for 5 min and followed
by 415 pL of 1 M NaHCO3 aqueous solution and 227 pL of water. The final
concentration of carbonate was kept equimolar at 83 mM. The solution
turned turbid after 5 min, indicating the formation of particles. After 1 h
stirring at 500 rpm, 30 mL of 100% ethanol was added to the suspension.
Particles were collected by centrifugation at 5000 rpm for 10 min. This
washing step was repeated twice and the collected particles were
dried at 70 °C for 2 h. Sub-micrometer particles were prepared in a sim-
ilar fashion but with a few modifications. The 1:6 water:EG solution was
substituted by water:EG:Gly 1:1.25:3.7 in volume. Both CaCl, and
NaHCOs aqueous solutions were added to a 4.15 mL solution containing
1.04 mLof EG and 3.11 mL of Gly. The final concentration of calcium and
carbonate was kept equimolar at 83 mM. The solution remained trans-
parent for about 1 h. The dispersion turned turbid after this period. Par-
ticles were collected by centrifugation after 2 h 30min, followed by
washing the particles twice in 100% ethanol and drying at 70 °C for
2 h. For experiments without BSA-stabilization, the particles were dis-
persed in the respective medium in an ultrasound bath for 10 min.

2.2. Particle-stabilization by BSA

Dried particles were dispersed in 0.2% BSA in Millipore water to pre-
pare 1.2 g/L particle concentration. The suspension was ultrasonicated
for 15 min to ensure that no aggregates remained in solution and to
fully coat the particles. Afterwards, it was centrifuged for 10 min at
5000 rpm and dried at 70 °C for 1 h.

2.3. Calcium-ion release from nanoparticles

The calcium content in the supernatant was quantified using the o-
cres-olphthalein complexone colorimetric kit (Fluitest CA-CPC). Briefly,
an amount of dried particles were added to the respective medium to
prepare a particle concentration of 1.2 g/L. The suspension was serially
diluted in the same medium to prepare 0.6, 0.3, 0.15 and 0.075 g/L.
The suspensions were centrifuged for 10 min at 5000 rpm. 10 pL of
the supernatant was added to a 96-well plate containing 50 pL of reac-
tion mixture 1 (reagent obtained in the kit). 50 pL of reaction mixture
2 was added and the well plate was shaken for 30 s to allow homoge-
neous mixing. The plate was incubated for 10 min at room temperature
(RT) and the absorbance was measured at 570 nm with plate reader.



The calcium concentration was calculated using a standard curve by a
serial dilution of the 2.5 mM standard acquired with the kit.

2.4. Toxicity profile assessment

To assess toxicity of the CaCOs particles, cell viability at different
concentrations was tested in a similar way to [71], by means of mem-
brane integrity via LDH release (Pierce assay) and metabolic activity
via mitochondrial activity (WST-1 assay, Roche). Particles stabilized by
BSA were centrifuged and sterilized overnight under a UV lamp and
redispersed in DMEM at different concentrations. Human osteoblast
cells (4th to 11th passage) were cultured in DMEM supplemented
with 10% heat-inactivated FCS and 1% antibiotics/antimicotics in an in-
cubator (C200, Labotect Labor Technik, Germany) at 37 °C with 10%
CO, and 95% relative humidity (RH). One day prior to the experiments,
the cells were detached and seeded in a 24-well plate at a density of 2
x 10% cells per well. On the following day, the dispersions were added
and incubated for 24 h. In addition, for the WST-1 assay, cells grown
in culture medium were set as high control (100% cell viability), and
others incubated with Triton X-100 (2%, w/v) were used as low control
(0% cell viability). For the LDH assay, the cytotoxicity was calculated rel-
ative to Triton X-100 as high control and cells in culture medium as low
control. Samples were measured in triplicates and evaluated as mean
and standard deviations (SD).

2.4.1. Particle uptake studied via electron microscopy

For Transmission electron microscopy (TEM) analysis, a similar pro-
cedure to [72] was used. Shortly, osteoblasts were washed once with
PBS, detached with trypsin/EDTA and transferred to 2 mL Eppendorf
cups. The cups were centrifuged at 6000 rpm for 6 min, fixed with stan-
dard 2.5% glutaraldehyde, 2.5% formaldehyde in 0.1 M Na-cacodylate for
1 h at RT. After removal of the fixative, the cells were washed several
times with phosphate buffer and post-fixed with Osmium tetroxide so-
lution for 1 h at RT. The black pellet was washed twice and dispersed in
2% agar (Sigma-Aldrich) in Millipore water, and allowed to solidify at 4
°C. The pellet in agar was cut into squares of about 1 mm wide. The
blocks were dehydrated in a graded series with ethanol (twice for
5 min in 30% and 50% ethanol, 3 times for 10 min in 70%, 90% and
twice for 15 min in 100% ethanol). Blocks were embedded in Epon
812. Ultrathin sections were taken with an ultramicrotome (Ultracut
R, Leica, Wetzlar, Germany). No surface markers were used (uranyl ac-
etate or ruthenium red), in order to enhance the contrast of intracellular
components, as these are not the focus of the analysis.

2.5. Characterization techniques

For the measurement of particle size and zeta-potential, dried parti-
cles were ultrasonicated for 10 min in the respective medium. Particle
size and zeta potential were determined by a Zetasizer after 4 h of incu-
bation (Malvern Instruments, Nano ZSP). The data is given as mean +
standard deviation (SD) based on three independent measurements.
The aggregation behavior was evaluated in terms of the particle size dis-
tribution and polydispersity index (PDI). The morphology of the carriers
was evaluated by scanning electron microscopy (Zeiss, SUPRA 40), with
an acceleration voltage of 15 kV as well as transmission electron micros-
copy with a Zeiss EM 900 (Zeiss, Oberkochen, Germany) at 80 kV. Im-
ages were acquired using a CCD-camera (TRS, Diinzelbach, Germany)
with the software ImageSP (TRS). X-ray diffraction (XRD) analysis was
carried out using a JSO-Debyeflex 2002 device, with Cu K « radiation
(N = 1.542 A). The samples were ground to a powder, placed on the
holder with silicone grease and scanned from 20° to 50°, 1 s per step.
UV-Vis spectroscopy was performed on a Multiskan Go device (Thermo
Scientific). Thermograviometric measurements (TGA) were performed
in STA 503 (Bdhr Thermoanalyse) with a heating rate of 4 °C/min
under 2 L/min of atmospheric air. The specific surface area (SBET) of
the samples was determined by nitrogen adsorption (Belsorp-Mini,

Bel Japan, Osaka, Japan), using the BET-method. The pore size distribu-
tion was determined by the BJH method from the adsorption/desorp-
tion hysteresis of the BET-isotherms.

3. Results
3.1. Material characterization of the CaCO3 particles

The CaCOs particles were fully characterized prior to the cell exper-
iments. Fig. 1 shows a TEM overview of the particles immediately after
synthesis (vaterite and ACC) or as purchased (calcite). The calcite parti-
cles are monodisperse and exhibit a rhombohedral shape with a particle
size of 90 + 10 nm. The amorphous particles are synthesized in
Millipore water by the complex coacervation of [Ca?™] ions and PAA,
followed by mineralization with Na,COs, as previously reported by us
[67]. As the size can be controlled by complexation time and PAA con-
centration, the smallest particle size that can be obtained with this
method is 250 4 20 nm in diameter. Due to the nature of the synthesis,
smaller nanoparticles (8 nm particles in diameter) are also formed [73].
Vaterite particles are prepared in a water-solvent mixture [37,68-70].
Sub-micrometer particles are prepared in 1:1.25:3.7 water:EG:Gly in
volume ratio and yield particles size of 600 nm + 20 nm while microm-
eter particles are prepared in 1:6 water:EG, which yields 1 um + 0.1 pm
particles. Supporting Fig. 1 shows an XRD analysis of the crystal phases
of calcite and vaterite particles, as well as the absence of reflexes in the
amorphous phase. BJH characterization of the samples showed that
both vaterite particles are porous, with a mean pore diameter of 7 nm
for sub-micrometer and 9 nm for micrometer, respectively (Supporting
Fig.2). The amorphous sub-micrometer particles as well as calcite nano-
particles are not porous.

3.2. Time-dependent phase-transformation in DMEM

It is well known that thermodynamically metastable phases tend to
transform into more stable phases, like calcite [15]. This transformation
is triggered in the presence of water/moisture [12] and can be a concern
when designing CaCOs-based DDSs. To analyze the phase-transforma-
tion in cell culture medium and to assess the influence of protein-
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Fig. 1. TEM overview of calcite, amorphous, micrometer and sub-micrometer vaterite
particles. Crystalline and amorphous particles are dispersed in Millipore water while
vaterite particles in ethanol.



coating in this transformation, CaCOs particles were dispersed in DMEM
and SEM images were taken at 24 and 96 h after initial dispersing.

The SEM analysis of the samples dispersed in DMEM for 24 and 96 h
and with or without BSA-coating is summarized in Fig. 2. In the absence
of BSA-stabilization, it was observed that calcite nanoparticles neither
dissolve in DMEM nor grow within the time frame of the experiment.
Moreover, the X-ray diffraction patterns (Supporting Fig. 3) confirm
that calcite does not phase-transform within 96 h. For vaterite sub-
micrometer particles, morphological changes at 96 h from rods to mi-
crometer-sized, rhombohedral-shaped crystals indicate a phase
transformation. This is also observed in the XRD data, where a peak at
29° indicates the complete transformation into the calcite phase. On
the other hand, micrometer-sized vaterite particles do not phase-trans-
form into calcite and maintain their morphology and size. Amorphous
sub-micrometer particles are not shown in the picture because of
their complete dissolution in DMEM.

The presence of BSA can act as a phase-stabilizer of less stable poly-
morphs. The shape and size of BSA-coated calcite nanoparticles and
vaterite microparticles are not affected by the presence of the protein
and both size and crystallinity remain constant throughout the experi-
ment. As opposed to the BSA-free solution, BSA-stabilized sub-microm-
eter vaterite particles remain stable in solution for 96 h without
appreciable change in shape or size. A closer inspection of the XRD
data (Supporting Fig. 3) reveals that the rate of the transformation is
drastically reduced by the protein coating. It is worth mentioning that
the phase-transformation appears to be both size-dependent, as it just
occurs in the sub-micrometer vaterite particles as well as time-depen-
dent, as no phase transformation is observed after 24 h. This behavior
can be explained by the higher surface-to-volume ratio of the smaller
particles which goes along with higher instability and enhanced solubil-
ity [68]. For instance, the surface area of micrometer vaterite particles is
44 m?/g, which is low compared to sub-micrometer sized particles with
104 m?/g. Finally, the addition of BSA does not prevent the dissolution of
the amorphous particles in DMEM.

24h
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3.3. Colloidal stability in different media

As shown above, the presence of proteins can alter the phase trans-
formation of CaCOs5 particles in cell culture medium. The presence of
BSA in medium and its adsorption at the surface of the nanoparticles di-
rectly affect the colloidal stability, as shown in Fig. 3. The physisorption
of the protein can be quantified via thermogravimetry. In the absence of
protein (Fig. 3a), calcite particles do not show a mass loss up to 600 °C.
As the temperature rises, calcination takes place, which accounts for
around 50% of the weight loss. Vaterite particles show a similar trend.
Up to 200 °C, absorbed and intrinsic water are removed. Between 200
and 300 °C left-over solvents are removed, followed by a calcination re-
action. The amorphous particles show the highest weight loss of about
70% + 10%, from which around 20% can be attributed to absorbed
water, 25% from PAA and 17% from calcination. By comparing the TGA
data in the presence of proteins (Fig. 3d) it is possible to calculate the
weight loss associated with protein absorption within the temperature
range from 210 °C to 405 °C. For calcite nanoparticles, BSA accounts for
4.2 4 3.1% of the weight loss. This relates to around 0.45 mM of BSA per
g of particle. In the case of the micrometer vaterite particles, 3.1 4 2.9%
of the weight is related to BSA, which represents approximately
0.60 mM of BSA/g of particle. Sub-micrometer particles absorbed 5.0
+ 4.5% of its weight, around 0.75 mM of BSA/g of particle. Amorphous
particles did not absorb any appreciable amount of protein.

CaCOs has an isolectric point around pH 6 in ultrapure water [74],
and is therefore negatively charged at physiological pH. In Millipore
water at pH 7 and in the absence of BSA, the dispersed calcite particles
have a mean hydrodynamic diameter of 91 4+ 16 nm (Fig. 3b) and
show good colloidal stability (PDI 0.29) with a zeta-potential of —29.6
4+ 2.3 mV (Fig. 3¢). The amorphous particles also show good stability
with the lowest zeta-potential in water, around —46.8 + 3.6 mV,
while the hydrodynamic size is 220 4 35 nm. The high zeta-potential
value can be explained by the inclusion of PAA molecules, which are
negatively charged at neutral pH. The micron-sized vaterite particles

96 h

BSA-stabilized

No stabilization

Fig. 2. SEM overview of calcite, amorphous, micrometer vaterite and sub-micrometer vaterite particles after 24 and 96 h of incubation in DMEM. Both bare and BSA-stabilized particles are
reported. Amorphous particles immediately dissolved in DMEM and therefore are not shown. Arrows indicate the possible formation of calcite microcrystals.
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Fig. 3. Thermograviometric analysis (a, d), number-weighted particle size distribution (b, e) and zeta-potential (c, f) of calcite, amorphous, micrometer and sub-micrometer vaterite
particles. (a) Dried bare particles, (b-c) bare particles dispersed in Millipore water, (d) dried BSA-stabilized particles, and (e-f) BSA-stabilized particles dispersed in DMEM.

showed strong agglomeration and sedimentation in water which
prevented accurate DLS measurements. The sub-micrometer vaterite
particles have a hydrodynamic size of around 712 4 40 nm and zeta-po-
tential of —16.7 & 1.3 mV.

When the bare particles (in absence of BSA) were dispersed in
DMEM, rapid agglomeration and sedimentation took place and there-
fore DLS measurements were not possible. The instability can be related
to the high ionic-strength of the medium, which reduces the Debye-
length and the repulsion forces between nanoparticles [75]. On the
other hand, BSA-stabilized suspensions are partially stable in DMEM,
showing PDI values of around 0.3 and zeta-potential around — 10 mV.
In medium, the calcite dispersion exhibited a mean hydrodynamic di-
ameter of 255 4+ 30 nm (Fig. 3e) and a zeta-potential of —6.1 +
1.0 mV (Fig. 3f). In contrast to dispersions in Millipore water, amor-
phous particles dissolved upon redispersion in DMEM. Note that this
dissolution is not caused by a low pH, but is instead probably a result
of chelating of Ca®* ions by the various amino acids and phosphate
salts contained in DMEM. Vaterite microparticles showed a size of 712
4+ 50 nm and a zeta-potential of about — 9.2 4+ 1.0 mV. Sub-micrometer
vaterite particles have a hydrodynamic size of around 396 + 30 nm and
a zeta-potential of —8.9 4+ 1.0 mV. In DMEM, it is observed that the sta-
bilization of particles with 3 to 5% of BSA can hinder aggregation and im-
prove colloidal stability of all types of particles (Fig. 3b, c, e, f). These
findings are also supported by a previous report [36].

3.4. Dissolution behavior in different media

As shown previously, the incorporation of BSA improves colloidal
stability and slows down the rate of phase transformation of sub-mi-
crometer vaterite particles. Serial dilution of particles along with deter-
mining the free calcium ions allowed us to examine the dissolution
behavior of each particle type in both water and DMEM. In Millipore

water, bare particles are tested while in DMEM, BSA-stabilized particles
are used due to the improved colloidal stability. In water, all particles
are stable with low calcium ion release (Fig. 4a). At 1.2 g/L, amorphous
particles show the highest calcium ion release, approximately 1.2 +
0.3 mM, followed by vaterite sub-micrometer particles at 0.9 +
0.2 mM, calcite nanoparticles at 0.8 4 0.2 mM and vaterite microparti-
clesat 0.7 + 0.1 mM.

If the particles are dispersed in DMEM, the minimum calcium con-
centration detected is 1.80 + 0.2 mM, which corresponds to the calcium
concentration in the medium (Fig. 4b). Crystalline particles remain sta-
ble and barely dissolve. The calcium concentration remains constant
with values ranging around 1.8 mM for all different particle concentra-
tions. Amorphous particles on the other hand, readily dissolve in
DMEM, increasing the Ca?" concentration up to 6.0 + 0.3 mM at
1.2 g/L. The dissolution of amorphous particles is confirmed by turbidity
measurements at 450 nm and by SEM. Moreover, additional experi-
ments of BSA-coated particles in water and bare particles in DMEM
(Supporting Fig. 4) revealed similar results.

3.5. Toxicity profile of CaCOs particles against HOBs

Toxicity experiments were performed using a HOB cell line and incu-
bated with BSA-stabilized particles for 24 h in serum-free DMEM at dif-
ferent particle concentrations (Fig. 5). Two standard experiments were
performed: the LDH release assay, which indicates membrane damage
with increasing LDH release and hence toxicity, and the WST-1 assay
which indicates viability by quantifying the mitochondrial activity of
the investigated cells. Amorphous particles did not show any significant
deviation from the control (pure medium) both for LDH release and for
viability (Fig. 5a and b). However, it must be noted that for mitochondri-
al activity, the values approached 80% indicating a possible toxic effect
of the amorphous particles or its constituents that are released upon



a)
—*— Calcite
S 25" Amorphous
[ —A— Vaterite Micrometer
- —A— Vaterite Sub.
£ 204
3
2, 1.5
i T S S—
a 194 1 [
© L T ) _____,7/-/7____{_7_,
3] 4,7 g o ———
= 054 éé.%/ S T
A 1 - l T
0.0 L T T

00 02 04 06 08 10 12
Particle concentration (g/L)

=

8.0

—%x— Calcite

—=— Amorphous

—&— Vaterite Micrometer
—~— Vaterite Sub.

6.0

Measured [Ca*’] (mM)

0.0 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Particle concentration (g/L)

Fig. 4. Dissolution of calcite, micro- and sub-micrometer vaterite and amorphous particles
upon serial dilution in aqueous medium. (a) Bare particles (no BSA-stabilization)

dispersed in Millipore water pH 7. (b) BSA-stabilized particles dispersed in DMEM pH 7.4.

the already described dissolution of the particles in DMEM. Calcite par-
ticles displayed conflicting results. Regarding LDH release, a concentra-
tion-dependent increase in LDH release was observed. At higher particle
concentration, 1.2 g/L, the LDH release showed significant values close
to toxic levels (20%). On the contrary, viability experiments displayed
improved viability, up to 125% at the highest particle concentration.
Both types of vaterite particles show no significant deviations from
the control for LDH release. Moreover, as with calcite, improvement in
viability is observed for sub-micrometer particles at 0.6 g/L and at
1.2 g/L for micrometer-sized particles.

Control experiments were performed using CaCl, and PAA and are
shown in Fig. 5c and d. Poly(acrylic acid) can be toxic depending on
its molecular weight. According to the LDH release, no significant values
are observed when compared to the control. However, the viability de-
creases considerably at 1.9 g/L of PAA, which is similar to the concentra-
tion of PAA used in the preparation of the amorphous particles. At lower
concentrations, 0.15 and 0.7 g/L, no toxic effect can be observed. In the
calcium chloride control experiments, optimal conditions for cell viabil-
ity can be obtained by adding additional CaCl, up to 2 mM to DMEM
medium, while higher concentrations reduce cell viability and also
show an increase in membrane damage.

By comparing the experiments using Ca®> ™ as control and the ones
with crystalline particles, better viability for crystalline particles is ob-
served (around 150%) than for 0.5 mM [Ca®*] as control (127 + 15%).
Since in both experiments the extracellular calcium is kept roughly
the same, around 2 mM and 2.3 mM respectively, the difference in via-
bility cannot just be explained by the elevation in the extracellular

calcium concentration. Accordingly, due to the particle uptake followed
by lysosomal dissolution (see below), the increase in intracellular calci-
um levels might cause even stronger cellular excitation, and therefore
cellular viability.

Live-dead staining experiments were performed to validate the
aforementioned experiments and the results are shown in Supporting
Fig. 5. In these experiments with all particle types, all cell cultures are
observed to be 100% viable for a particle concentration of 0.3 g/L. By an-
alyzing fluorescent micrographs of cells incubated with 0.3 g/L of parti-
cles (Supporting Fig. 6), no morphological alterations were observed.

3.6. Particle-dependent uptake by human osteoblasts

Calcite nanoparticles are internalized by HOB cells, as observed on
microtome sections analyzed via TEM (Fig. 6). As a result of
trypsinization, the cells appeared to be spherical with a diameter of
about 15 to 20 pum. Since the cells were not stained with surface markers
for practical reasons, the identification of intracellular membranes was
not optimized. Control experiments with cells incubated in the absence
of particles also show spherical cells in which the mitochondria could be
observed as a denser region (Supporting Fig. 7). The embedding resin
that encloses the cell has a lighter colour, which allows for good distinc-
tion between cells and resin. When incubated with calcite nanoparti-
cles, the size of the nanoparticles (90 nm) closely matches the size of
the microtome slices (60-85 nm). Therefore, entire nanoparticles can
remain in the slice and can be observed as dark dots in the TEM images.
Internalized nanoparticles are located within endosomes. In the case of
amorphous particles, which readily dissolved in DMEM, no particles can
be observed within or outside the cells.

Due to the large size of the sub-micrometer and micrometer vaterite
particles, these particles are shattered during slicing. What remains ap-
pears as an open space with a shape similar to the initial particles. As
these spaces are transmitting, they appear as brighter regions dotted
with remaining bits of CaCOs (dark dots). Both types of vaterite particles
seem to be internalized and are located within endosomes.

Upon internalization, the particles can be dissolved in the acidic en-
vironment of the lysosomes. As discussed above, increased intracellular
Ca* levels could be the reason for elevated mitochondrial activity as
observed via the WST-1 assay (Fig. 5). Supporting Fig. 8 shows fluores-
cent micrographs of intracellular calcium stained with Fluo-3 AM. Anal-
ysis of the images indicates a higher calcium concentration in the
cytosol than in the nucleus, but no clear significant distinction between
the different particle types could be observed.

4. Discussion

The phase transformation of less stable phases to calcite is a phe-
nomenon that occurs in air [12,14] and in aqueous solutions [13,68].
The observed phase transformation of sub-micrometer particles is a
function of the increasing surface-to-volume ratio and overall free ener-
gy, with decreasing particle size. Moreover, the ion-exchange mecha-
nism that leads to phase transformation is dependent on the diffusion
rate, which is also enhanced with a higher surface-to-volume ratio
[68]. The phase-transformation is usually accompanied by changes in
morphology and size, which can alter the colloidal stability and the bio-
logical responses of crystalline particles. Our findings suggest that the
adsorption of BSA on the surface of CaCO5 crystals can hinder the
phase transformation of sub-micrometer vaterite particles. These re-
sults are supported by previous studies [37], which stated that
nanosized vaterite particles can be stabilized by 2% BSA in PBS. The
use of proteins to modulate crystal precipitation, morphology and crys-
tallinity is also observed in nature [76,77]. Accordingly, proteins and
analogous polyionic polymers have been widely studied in the field of
biomineralization for modifying crystal nucleation and growth [78]. Ad-
ditionally, a series of proteins like BSA, R-chymotrypsin and lysozyme
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have been physically adsorbed to porous CaCOs microcrystals and stud-
ied as protein-delivery systems [79].

Colloidal stability in biological medium is also recognized as an im-
portant parameter for drug delivery systems [80]. It is also known that
a reduction of the particle concentration in the nanometer range due
to colloidal instability can result in lower cytoxicity profiles [81]. In
Millipore water, nanometer and sub-micrometer CaCOs particles are

well dispersed. However, micrometer vaterite particles did not yield
stable suspensions as these large particles rapidly sediment. In DMEM,
however, agglomeration and sedimentation is observed for all bare par-
ticle systems, due to the elevated ionic-strength of this medium and
possibly due to adsorption of small molecules like sugars and amino
acids present in DMEM. The increased ionic strength reduces both the
Debye-Hiickel length and the electro-static potential, hence the

Fig. 6. TEM of HOB cells incubated with calcite, amorphous, sub-micrometer and micrometer vaterite particles for 24 h. Particle concentration: 0.3 g/L. Right panel is a high magnification
image from selected area on left panel. Labels: C - cytosol, M - mitochondria, NPs - calcite nanoparticles, VS - vaterite sub-micrometer particles, V - vaterite microparticles.
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repulsive force between nanoparticles, which can lead to destabilization
[75]. It must be pointed out that the presence of divalent ions in DMEM
(1.8 mM of calcium ions) can also significantly contribute to the desta-
bilization in the cell medium [75]. On the other hand, BSA-stabilized
suspensions are more stable in DMEM according to PDI values. This
can partially be explained by the steric stabilization provided by the
bulky BSA molecules. Similar stabilization provided by proteins was
previously reported [36,82]. Finally, regarding the relationship between
crystalline phases and the colloidal stability, no apparent role can be ob-
served. Since the zeta potential of all types of BSA-stabilized CaCO3 par-
ticles was very similar, colloidal stability seems to be mostly dependent
on particle size and ionic strength.

The dissolution behavior of each particle-system was determined in
both Millipore water pH 7 and DMEM pH 7.4. As dissolution is dictated
by the solubility product of each CaCOs phase, it can be expected that
less thermodynamically stable phases are more soluble than other
phases [16,19]. Accordingly, amorphous particles in water partially dis-
solved and a low increase in the calcium ion concentration was detect-
ed. Crystalline phases barely dissolved, and the difference in the
dissolution behaviors of calcite and vaterite was not strongly pro-
nounced at our experimental conditions. It is well-known that addition-
al molecules in the medium, such as calcium chelators (particularly
leucine, lysine and phosphate salts in DMEM, but also reported for cit-
rates and EDTA in other buffers [19]) can significantly alter the phase
equilibrium, which we experimentally observed for amorphous parti-
cles in DMEM. Amorphous particles readily dissolved in DMEM increas-
ing the [Ca® "] in the medium. However, beneath the crystalline phases,
the differences seem to be insignificant.

Toxicity experiments revealed that increased [Ca®*] concentration
of around 2 to 6 mM can improve cell viability, which is a similar con-
centration range as was reported elsewhere [83]. This behavior oc-
curred for all three types of crystalline particles, but not for the
amorphous particles, indicating that the observed increase in cell viabil-
ity might be a result of cell internalization followed by lysosomal disso-
lution of the more stable CaCOs particles. For the amorphous particles,
the release of the additive PAA, which was used to stabilize the amor-
phous phase, possibly caused membrane damage. Our findings are sup-
ported by [84], which described that PAA molecules (25 k mol/g) can
actively disrupt cellular membrane of mammalian cells and cause
cytotoxicity.

The TEM micrographs of HOB cells suggest that calcite and vaterite
particles are internalized by the cells. In the micrometer range, the
shape of CaCOs particles on the uptake by cervical carcinoma cells was
studied [63]. It was suggested that the number of internalized particles
is dependent on the aspect ratio of the particles. In regards to CaCOs in
the nanometer scale, the uptake of nanoparticles by A549 cells was
also observed [36]. However the role of crystallinity in the uptake has
not yet been differentiated. Considering that all three particle-systems
investigated here, apart from amorphous particles, were internalized,
no clear dependency could be observed, regardless of size or
crystallinity.

5. Conclusion

In summary, we examined four common types of dispersed calcium
carbonate particles that are regularly studied as novel drug delivery sys-
tems and which might eventually find their way into health-related
consumer products. Both crystallinity and environmental conditions
(ionic strength, presence of proteins and chelators) play key roles in
the colloidal behavior and phase-stability of CaCO5 particles. However,
since CaCOs is basically nontoxic and biocompatible, these aspects do
not strongly affect their cellular response and toxicology profile. The be-
havior of the particles regarding their crystallinity, solubility and colloi-
dal stability was evaluated by various standard methods for the
characterization of nanomaterials and showed that the crystalline parti-
cles remained dispersed in solution, with no appreciable dissolution;

however, the amorphous particles readily dissolved in the cell nutrition
medium DMEM. It is worth mentioning that the sub-micrometer
vaterite particles phase-transition into the more stable calcite phase ac-
companied by changes in particle size and shape. This change was only
observed after 24 h and only for the smaller sub-micrometer vaterite
particles. The addition of BSA generally improved colloidal stability in
cell culture medium and diminished the rate of phase-transformation
of the smaller vaterite particles. While the crystalline particles remained
in solution with low release of calcium ions, the amorphous nanoparti-
cles readily dissolved upon dispersion in DMEM, increasing the extra-
cellular Ca®* concentration. Two cellular responses were observed:
increased mitochondrial activity induced by an internal increase of cal-
cium ion concentration for crystalline particles, and cell death by mem-
brane damage due to the presence of PAA in amorphous particles.
Cellular uptake was observed for all crystalline particles, even the
large micrometer-sized vaterite particles. Consequently, crystallinity,
solubility and colloidal stability are key parameters for engineering
CaCOs nanomaterials for biological applications and should also be fac-
tored into all assessments of the feasibility of new drug delivery
systems.
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