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Abstract

As a natural mineral, calcium carbonate (CaCQO,) is
widely investigated for various medical applications. It is
a biocompatible material characterized by high degradation
rate and great osteoconductivity. Many researchers evaluate
CaCQO;in the form of particles as a candidate for use in drug
delivery systems. In this study we present an optimization
of the process of producing CaCO; particles by the pre-
cipitation method with the use of combinations of different
time of ultrasound treatment and surfactant concentrations
used. Depending on the synthesis conditions, various sizes
of particles were fabricated. The particles were loaded with
sodium alendronate (Aln, 5% or 10% by weight) with a rela-
tively high encapsulation efficiency between 40 and 50%,
depending on the amount of Aln added and the drug loading
of approximately 9% for both cases. MG-63 osteoblast-like
cells were contacted with 10% wt./vol extracts of fabricated
particles to assess their cytotoxicity. None of the extracts
investigated was found to be cytotoxic. Furthermore, an
in vitro study in direct contact of MG-63 cells with particles
suspended in culture medium was performed. The results
showed that the fabricated particles are cytocompatible
with osteoblast-like MG-63 cells. However, the higher the
concentration of the particle suspension and the greater the
amount of alendronate present in the solution, the lower
the metabolic activity of the cells was measured. The pre-
sented method of CaCQO, particles manufacturing is simple,
cost-effective, and allows one to fabricate particles of the
required size and shape that are cytocompatible with MG-63
cells in defined concentrations of particle suspensions.
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dronate, drug delivery system, MG-63 cells, bone tissue
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Introduction

Calcium carbonate (CaCQ,) is a natural biological min-
eral that has gained considerable interest in numerous
scientific and industrial areas [1-3]. Several factors make
CaCO, popular and attractive: low price, wide availability,
high surface area, and ease of synthesis [1-4]. Furthermore,
calcium carbonate is characterized by good biocompatibility,
biodegradability, osteoconductivity [1,3,5], pH sensitivity
[2,3,6], and the ability to release drugs [1,2,6,7]; however,
it is not regarded as osteoinductive [8]. Importantly, CaCO,
is a material that has been approved by the US Food and
Drug Administration (FDA) and the European Food Safety
Agency (EFSA) as a food additive and nutrient source
added to food [2,3]. CaCO, has been confirmed to have
a faster resorption rate compared to hydroxyapatite [5] with
comparable bone formation activity [6]. It may improve gene
expression and exhibits a high degradation rate [4] and
great osteoconductivity [6]. CaCO, nanoparticles have been
reported to promote osteogenic differentiation of human
bone marrow mesenchymal stem cells in vitro [4]. Due to
its features, CaCQ, in the form of particles appears to be an
ideal candidate for use in drug delivery systems [1,7,9,10].
Manufacturing process of CaCO; is simple [10] and the
drug release rate can be controlled by changing the size,
shape, or composition of the particles [2,3]. The significant
advantage of CaCQO; particles is their degradability which
eliminates the need to remove the delivery system after
treatment [6]. CaCO, has been reported to be a carrier of
different drugs and bioactive substances, such as doxoru-
bicin [1], gentamicin [6], tetracycline hydrochloride [7] or
doxorubicin hydrochloride [10].

Sodium alendronate (Aln) is a hydrophilic amphiprotic
[11] and nitrogen-containing drug [12-14] that is approved
by the FDA [15]. It belongs to the bisphosphonate class of
drugs and is widely used for the treatment of bone diseases
[11-14,16]. The action of Aln is to inhibit bone resorption by
inducing osteoclast apoptosis, while improving osteoblast
recruitment, differentiation, and bone remodelling activity
[11,14,17,18]. Furthermore, it has been reported to increase
bone mineral density [12,19] and improve the osteogen-
esis of bone marrow mesenchymal stem cell (BMSCs)
and mesenchymal stromal cells (MSCs) [13,14]. Sodium
alendronate has been widely investigated for local delivery.
Different materials are being used to encapsulate Aln, such
as polymers [19-22] and ceramics [23-26]. However, to the
best of our knowledge, alendronate-loaded CaCO, parti-
cles require more in-depth studies. Thus, in this work, we
aimed to manufacture calcium carbonate particles loaded
with sodium alendronate for local drug delivery in bone tis-
sue with the use of a simple, safe, low-cost, and effective
precipitation method.

Materials and Methods

Materials

Sodium carbonate (Na,CO,), calcium chloride hexahy-
drate (CaCl,-6H,0), TWEEN 20, o-phtaldialdehyde (OPA),
resazurin (Alamar Blue assay), calcein AM and propidium
iodide were provided by Sigma Aldrich, Germany. Minimal
essential medium (MEM), fetal bovine serum (FBS), peni-
cillin/streptomycin (PS), amino acids and sodium pyruvate
were purchased from PAN Biotech, Germany. Edetic acid
(EDTA) was purchased from POCH, Poland, phosphate
buffered saline (PBS) from VWR Life Science, and sodium
alendronate (Aln) was provided by Polpharma S.A. Poland.
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Manufacturing of calcium carbonate particles

To prepare CaCO, particles (CCPs), the precipitation
method from aqueous solutions of Na,CO, and CaCl, was
used. In brief, the 0.33 M Na,CO; solution was mixed with
the 0.33 M CaCl, solution in a 1:1 ratio, while stirring at
a speed of 2000 rpm [10,27]. The stirring was continued for
10 min, followed by centrifugation for 15 min at 5000 rpm
(MPW-351R, MPW Med. instruments, Poland). Subse-
quently, the supernatant was discarded and 10 mL of ultra-
high quality water (UHQ-water, produced in Direct-Q 3UV,
Merck Millipore, USA) was added to the tube. The particles
were resuspended and centrifuged again. The supernatant
was removed, and the process was repeated three times.
The particles were then frozen at -80°C and freeze dried
(Christ Alpha 1-2 LDplus, Martin Christ, Germany).

Effect of ultrasounds on the size of particles

The effect of ultrasounds on the size of the particles
was checked by introducing ultrasound treatment into the
manufacturing process. Basically, Na,CO, and CaCl, were
mixed in the presence of an ultrasonic probe for 5, 10 and
15 min (Vibra Cell VCX130, Sonics, USA), followed by
stirring with the magnetic stirrer for 10 min at 2000 rpm. The
subsequent stages were carried out without any changes.

Effect of surfactant on the size of particles

To evaluate the influence of the presence of surfactant
on the particles size, TWEEN 20 was added to the solutions
of Na,CO, and CaCl, at different concentrations — 0.5,
1 and 2%. Basic solutions containing different amounts of
TWEEN 20 were mixed and the process was carried out as
previously described.

Effect of ultrasound combined with surfactant on the
size of particles

The combination of both previously mentioned factors
was assessed as well. To do so, Na,CO, and CaCl, solutions
with different concentrations of TWEEN 20 (0.5, 1 and
2%) were mixed in the presence of an ultrasonic probe
for different times (5, 10 and 15 min), followed by stirring.
As previously, the next stages of the manufacturing process
were carried out without any changes.

Encapsulation of sodium alendronate

Sodium alendronate was encapsulated in CCPs during
the manufacturing process (AIn-CCPs). In brief, a different
amount of the drug (5 and 10% relative to the theoretical
mass of the particles) was dissolved in the Na,CO, solution
and mixed with CaCl, under adequate conditions.

Characterization of particles

The particles were observed with the use of a scanning
electron microscope (SEM Apreo 2, Thermo Scientific,
USA). The size was checked with dynamic light scattering
(DLS), expressed as mean and standard deviation (SD), and
confirmed with SEM observations. Encapsulation efficiency
(EE) and drug loading (DL) were examined with the use of
an OPA assay. To do so, the alendronate loaded particles
were dissolved in EDTA, adjusted to a pH value equal to
8 with 1 M NaOH, at a concentration of 1 mg/mL. Then,
50 pL of the solution was transferred to a black 96-well plate,
50 yL of OPA reagent was added and fluorescence was
measured (A, = 340 nm, A, = 460 nm, FLUOstar Omega,
BMG Labtech, Germany).

Biological evaluation with extracts

The extracts of empty and loaded particles were tested © @ @ @ @ @ o

with osteoblast-like MG-63 cells. To obtain 10% extracts, the
particles (after being exposed for 20 min to UV irradiation)
were immersed in MEM supplemented with 10% FBS, 1%
penicillin/streptomycin, 0.1% amino acids, and 0.1% sodium
pyruvate for 24 h. In an adequate number of wells, 10,000
cells suspended in 100 pL of MEM per well were seeded.
Culture was carried out for 24 h at 37°C in a 5% CO,
atmosphere. After that time, the medium was exchanged
into extracts (filtered with a 0.2 um filter) and the cells were
cultured in them for another 24 h. The Alamar Blue assay
and live/dead staining were then performed to verify the
metabolic activity and morphology of the cells, respectively.
For Alamar Blue, 150 uL of a 10% resazurin solution in
a medium was added to each well and incubated for 3 h.
Then 100 yL of the solution was transferred from each well
to a black 96-well plate and the fluorescence was measured
(Aex = 544 and A,,, = 590 nm). To calculate the level of
resazurin reduction, we used the following formula (1):

Sx - Sblank

% resazurin reduction - 100% (1)

Sreduced - Sblank
where:
S, — fluorescence of the samples,
Spank — 0% reduction of resazurin,
Siequced — 100% reduction of resazurin.

To conduct live/dead staining, calcein AM (0.1%) and
propidium iodide (0.1%) were dissolved in phosphate
buffered saline solution (PBS). We added 100 uL of the
solution to each well and incubated it for 20 min in darkness.
The cells were then observed with a fluorescent microscope
(ZEISS Axiovert 40 CFL) with a ZEISS HXP 120 C metal
halide illuminator.

Cytocompatibility test

To evaluate cytocompatibility, MG-63 cells were evaluated
in direct contact with the particles. Briefly, suspensions of
different concentrations of empty and loaded particles were
prepared. The particles were sterilized by exposing them
twice to UV irradiation. In an adequate number of wells,
10,000 cells suspended in 100 pyL of MEM per well were
seeded. Culture was carried out for 24 h at 37°C in a 5%
CO, atmosphere. Later, the medium was exchanged into
particle suspensions and the culture was continued for
another 24 h. After that time, the Alamar Blue assay and live/
dead staining were performed, as described in 'Biological
evaluation with extracts' section.

Statistical analysis

The results are presented as mean + standard error of
the mean (S.E.M.). The analysis of the results obtained
was conducted using a one-way analysis of variance (one-
way ANOVA) followed by the post-hoc LSD Fisher test
in OriginLab software. Probability values less than 0.05:
p*<0.05, p**<0.01, p***<0.001 were considered statistically
significant.

Results and Discussions

CaCQ, particles were fabricated using the precipitation
method. Different times of ultrasound treatment and differ-
ent concentrations of TWEEN 20 were used to determine
the best conditions for obtaining particles. The results show
that both factors have a significant influence on the size of
the particles (FIG. 1).
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FIG. 1. Effect of ultrasound treatment time (0, 5, 10 and 15 min) and TWEEN 20 concentration (0%, 0.5%, 1%,
2%) on the size and microstructure of CaCO, particles obtained during the precipitation process.

The use of ultrasound makes it possible to obtain smaller

particles, while the presence of a surfactant stabilizes the
< system, so that the formed particles have a round shape.
The longer the ultrasound treatment time used, the smaller
the particles. Moreover, the addition of surfactant appears
to allow smaller particle sizes to be obtained; however, too
high concentration may lead to the agglomeration of CaCO,
particles (FIGs 2 G-l). Furthermore, the presence of the
< surfactant makes it possible to fabricate particles of round
shape. CaCO, particles manufactured without TWEEN
20 are visible to have a cubic shape, indicating that the
- ' transformation of vaterite into calcite has occurred [28].

This means that the surfactant works as a stabilizer of
a vaterite phase of CaCQO; crystals. Interestingly, when no
ultrasound treatment is performed, the particles obtained
with all concentrations of TWEEN 20 belong to the same
population; however, the more surfactant used, the more
agglomerated particles are. Furthermore, there is no statisti-
cally significant difference between particles manufactured
without the addition of surfactant at various times of ultra-
sound treatment. That indicates that 5 min is enough for
the precipitation reaction to occur and a longer time does
not affect the size.
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The combination of ultrasound treatment and the addition

e o0 000 0 of TWEEN 20 allows to obtain particles of different sizes

(TABLE 1), depending on the conditions. According to
the literature, various sizes of CaCO; particles may be
obtained with the use of different methods of manufacturing
and the conditions used. The size of CaCO; particles has
been reported to vary between 50 nm and 6 pym while the
precipitation method is used with most particles greater than
1 um [29]. However, the use of different additives during
the precipitation allows to control the size of the obtained
particles. This corresponds to the findings of other scientists
that presented particles of different sizes [4,6,7,10,29].
The smallest particles in our investigation were manufactured
when 5 min of ultrasound and 0.5% of surfactant were used
and have a size of 0.7 £ 0.2 um. On the other hand, the
size distribution in the case of this sample is relatively
wide. Therefore, the most optimal conditions appear to be
10 min of ultrasound with the addition of 1% TWEEN 20.
The size is slightly higher, but the size distribution is narrower.
Smaller particles may be obtained with the use of different
combinations; however, apart from the size distribution,
the shape of the particles changes. Furthermore, the use
of different methods of manufacturing can be utilized to
fabricate much smaller particles [4,6]. We chose 10 min of
ultrasound treatment and the addition of 1% TWEEN 20 as
the most optimal conditions and they were used for further
investigation. The addition of Aln has no impact on the shape
of the obtained particles. Furthermore, the size of the Aln-
loaded particles, fabricated under the same conditions, is
not significantly different compared to the empty particles
(TABLE 2). Although the precipitation method is simple
and relatively effective, it is nonetheless a manual process.
Its automation would improve the accuracy of the technique
and allow obtaining particles of a specific, predefined size.
Future research should focus on the use of other surfactants,
as well as the use of homogenizers and/or a milling process
to obtain smaller particles.

The encapsulation efficiency decreased, while the drug
loading increased with the amount of alendronate used.
Different polymers have been reported to encapsulate
sodium alendronate, and the efficiency was dependent on
the material used. Jing et al. presented three compositions
of alendronate-loaded nanoparticles based on poly(lactic-
co-glycolic acid) (PLGA) in which both encapsulation
efficiency and drug loading exceeded 70% [20]. Moreover,
chitosan nanoparticles have been reported to have EE
in the range of 40 to 70% [22]. On the other hand, Miladi
et al. demonstrated polycaprolactone (PCL) particles that
were characterized by EE and DL in the ranges of 15-34%
and 2-21%, respectively [21]. According to the literature,
calcium carbonate particles are being used to encapsulate
various drugs. The encapsulation efficiency of gentamicin
in CaCO, particles was reported to be 38% with a drug
loading of 25% [6]. Sudareva et al. showed CaCO; particles
loaded with doxorubicin with a drug content greater than
90% [30]. Encapsulation efficiency and drug loading are
highly dependent on the drug and material used. However,
in this study, EE was relatively high in each case and varied
between 40 and 50%, depending on the addition of Aln and
DL was approximately 9% for the addition of 5 and 10% of
alendronate (TABLE 2).

TABLE 1. Size of CaCO, particles fabricated under
different conditions.

Time of Surfactath Size + SD
ultrasound concentration
treatment [min] [%] [bm]
0 0 17.8+7.5
0 0.5 25+0.7
0 1 22+0.2
0 2 1.8+0.1
5 0 51+1.7
5 0.5 0.7+0.2
5 1 21+0.5
5 2 14+04
10 0 46+2.1
10 0.5 0.8+0.2
10 1 1.3+0.1
10 2 1.1+04
15 0 44.+11
15 0.5 0.8+0.3
15 1 1.3+0.1
15 2 1.2+0.1

Osteoblast-like MG-63 cells were cultured in 10%
extracts of manufactured particles to evaluate their potential
cytotoxicity. Cells were contacted with extracts for 24 h and
then their metabolic activity was checked (FIG. 3 A) and
live/dead staining was performed (FIG. 3 B). Compared
to the control, cells activity was significantly lower while
cultured in extracts of each type of particles. Interestingly,
the resazurin reduction in the case of samples conta-
ining Aln was higher than that of empty CaCO, particles.
No decrease of greater than 70% compared to the control
can be observed, which means no toxicity of the investigated
extracts according to ISO 10993-5 [31]. Interestingly, the
metabolic activity of cells cultured in the extracts of Aln-
loaded particles (both 5 and 10%) was higher compared
to empty ones. This suggests that sodium alendronate
supports the proliferation of osteoblast-like cells.

To evaluate the cellular response of CaCO, particles,
osteoblast-like MG-63 cells were cultured in direct contact
with particle suspensions. Depending on the type of
particles, the metabolic activity of cells (FIGs 4 A,C,E) was
decreasing with increasing concentration of particles present
in MEM. However, for empty particles, the relevant decrease
is observed for the concentration of 100 mg/mL. In the
case of 10% addition of alendronate, concentrations of 50
and 100 mg/mL were toxic for cells; however, a statistically
significant decrease, compared to the control (0 mg/mL),
can also be observed for lower concentrations (FIGs 4
A,C,E). ltis visible that cell activity is significantly lower for
a concentration of 100 mg/mL, even for empty particles.

TABLE 2. Characteristics of CaCO, particles loaded with alendronate.

Time of ultrasound Surfactant Addition of Size £ SD Encapsulation Drug loading (DL)
treatment [min]  concentration [%] alendronate [%] [um] efficiency (EE) [%] [%]
10 1 0 1.3+0.1 - -
| 10 1 5 11202 49.6 2.0 9.2+04 |
| 10 1 10 1.1+0.3 39.7 +1.3 9.6+0.3 |
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FIG. 3. Metabolic activity (A) and live/dead staining (B) of MG-63 cells cultured in the presence of 10% extracts
of empty particles, particles loaded with 5% and 10% addition of sodium alendronate and in MEM, as control.
No decrease in metabolic activity greater than 70% compared to the control can be observed.

However, the metabolic activity of cells when contacted with
empty particles is not significant for lower concentrations,
which is comparable to the results of other researchers
[32,33]. The resazurin reduction is lower, compared to the
control for each suspension of particles containing Aln,
indicating that alendronate may be toxic for MG-63 cells,
especially at higher doses. Although the CaCO, particles
with Aln showed great performance during the study with
extracts, it is not the case when we study them in direct
contact with the particle suspensions.

Conclusions

The aim of this research was to optimize the process
of manufacturing calcium carbonate particles with sodium
alendronate encapsulated and to investigate their cytotoxic-
ity and cytocompatibility with osteoblast-like MG-63 cells.
Different times of ultrasound treatment and concentrations
of surfactant were used to control the size of the fabricated
particles. The use of 0.5% of surfactant combined with 5 min
of ultrasounds allows to obtain the smallest particles. How-
ever, a combination of 1% and 10 min gives slightly larger
particles, but with a narrower size distribution. The extracts
of empty and loaded particles (5 or 10% alendronate) were
tested with MG-63 cells and did not show signs of cytotoxicity.

Furthermore, the cellular response of the particles was
investigated by contacting MG-63 cells with particles
suspended in a culture medium. According to the results,
a higher concentration of sodium alendronate present in
the system may be toxic to the investigated cells. However,
the particles are cytocompatible with MG-63 cells in lower
concentrations even with a 10% addition of sodium alen-
dronate. Depending on the application and requirements,
different compositions may be used to obtain particles of the
required size. The presented process is simple, low-cost,
and effective to fabricate calcium carbonate particles that
are cytocompatible with MG-63 cells.
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