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Abstract: Tailor-made and designed micro- and nanocarriers can bring significant benefits over
their traditional macroscopic counterparts in drug delivery applications. For the successful loading
and subsequent release of bioactive compounds, carriers should present a high loading capacity,
trigger release mechanisms, biodegradability and biocompatibility. Hydrophobic drug molecules can
accumulate in fat tissues, resulting in drawbacks for the patient’s recovery. To address these issues,
we propose to combine the advantageous features of both host molecules (cyclodextrin) and calcium
carbonate (CaCO3) particles in order to load hydrophobic chemicals. Herein, hybrid cyclodextrin-
CaCO3 micro- to nano-particles have been fabricated by combining Na2CO3 solution and CaCl2
solution in the presence of an additive, namely poly (vinylsulfonic acid) (PVSA) or glycerol (gly). By
investigating experimental parameters and keeping the Na2CO3 and CaCl2 concentrations constant
(0.33 M), we have evidenced that the PVSA or gly concentration and mixing time have a direct impact
on the final cyclodextrine-CaCO3 particle size. Indeed, by increasing the concentration of PVSA
(5 mM to 30 mM) or gly (0.7 mM to 4 mM) or the reaction time (from 10 min to 4 h), particles with
a size of 200 nm could be reached. Interestingly, the vaterite or calcite form could also be selected,
according to the experimental conditions. We hypothesised that the incorporation of PVSA or gly
into the precipitation reaction might reduce the nucleation rate by sequestering Ca2+. The obtained
particles have been found to keep their crystal structure and surface charge after storage in aqueous
media for at least 6 months. In the context of improving the therapeutic benefit of hydrophobic drugs,
the developed particles were used to load the hydrophobic drug tocopherol acetate. The resulting
particles are biocompatible and highly stable in a physiological environment (pH 7.4, 0.15 M NaCl).
A selective release of the cargo is observed in acidic media (pH lower than 5).

Keywords: cyclodextrin; hydrophobic drug; calcium carbonate particles; vaterite; drug delivery

1. Introduction

Nano- and even microparticles are extensively used as a delivery platform for biolog-
ically active materials [1]. Useful benefits of these particles include their stability when
dispersed in aqueous media, their high drug loading capacity, the possibility to load either
hydrophilic or hydrophobic chemicals or even both at once, and their sustained drug
release. Efficient hydrophobic drugs are still of major interest for biological purposes, as
their limited clinical effectiveness is mainly linked to low drug solubility in physiolog-
ical media [2,3]. In comparison with conventional polymer or liposome containers, the
unique characteristics of inorganic particles allow their increasing use in theranostic appli-
cations [4]. Liposomes are promising systems for drug delivery; however, they present the
following disadvantages: low stability in the bloodstream, leading to leakage and fusion of
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the encapsulated drug, short half-life, possible oxidation and hydrolysis-like reactions of
the phospholipid, and high production [5]. In the present work, special attention has been
given to calcium carbonate (CaCO3) particles, as they have several benefits [6]. One may
cite low cost, biocompatibility, pH sensitivity, easy fabrication without the use of organic
solvents, and the ability to protect encapsulated material [7,8]. In this sense, the calcium
carbonate system is an important material for both fundamental and applied study [9,10].

The fabrication of spherical monodispersed CaCO3 particles has been widely described
in the literature [11,12]. Calcium carbonate can be present in three different anhydrous
polymorphs: calcite, aragonite, and vaterite (written in order of decreasing thermodynamic
stability) [13]. It is known that there is high interest in targeting the vaterite polymorph of
calcium carbonate due to its higher porosity compared to the other polymorph forms and its
peculiar optical and biochemical properties [14]. Vaterite CaCO3 particles have been proven
to be efficiently used as biocompatible containers for the delivery of therapeutics into living
cells and tissues [15]. Nevertheless, the thermodynamic instability of vaterite leads to
its being naturally rare, and kinetic stabilisation is required to overcome this issue [16].
Several studies have thus investigated the effect of additive-directed crystallisation on
CaCO3 crystal growth, targeting the vaterite form [17]. It was then noted that additional
parameters, such as Ca2+ and CO3

2− concentrations, pH, temperature, mixing speed and
reaction time greatly influence the size and polymorph form of the final CaCO3 particles.
Interestingly, the addition of some chemical compounds, such as polymers [18,19], has been
found to inhibit or stabilise the type of crystal structure depending on their concentration,
charge density, or chemical composition [20]. For instance, poly (4-styrenesulfonate-co-
maleic acid) was found to direct crystallisation to obtain a variety of superstructures [21],
and a polyethyleneimine-assisted ultrasonic method was implemented for the fabrication
of vaterite microparticles, which were stable for at least 8 months [22].

Much attention has been focused on the use of CaCO3 particles for biological purposes
(e.g., drug delivery or sensor applications) [23]. Cell assays (i.e., the study of cell viability,
efficient cellular uptake of chemical-loaded particles and cytotoxicity) have been used to
investigate CaCO3 particles [24].

It is noted that such particles present the benefit of being pH sensitive [25], i.e., they
are stable when suspended in a neutral environment, but are fully degraded in acidic media.
CaCO3 particles have also been used as templates for the preparation of hollow particles
(also called capsules) [8,26], e.g., polyelectrolyte capsules [8,27–29].

In the context of drug delivery, developing small vaterite calcium carbonate particles
is of great interest as a drug-carrying particle; for instance, it is known that the particle size
must be less than the 200–1200 nm pore size cut-off to passively go through a subcutaneous
tumour cell [30]. It has been reported that the production of calcium carbonate particles
presenting nanometric size requires the particle growth rate to be slowed down and the
nanoparticles to be stabilised before their agglomeration leads to microparticles. In this
sense, the well-known affinity of alginate chains towards calcium has been exploited to
decrease the nucleation growth rate by sequestering calcium, resulting in the formation
of calcium carbonate nanoparticles [31]. Nevertheless, the resulting CaCO3 nanoparticles
present an increased size as well as a loss of negative surface charge after 4 h in aqueous
media, disclosing surface recrystallisation. Ethylene glycol was employed in this sense
and was found to lead to vaterite nanoparticles of up to 430 ± 10 nm in size [12]. These
particles stayed in vaterite form in ethanol but recrystallised to the calcite form when
suspended in aqueous solutions (e.g., in 0.9% w/v NaCl or in phosphate-buffered saline
(PBS, 0.1 M, pH 7.4)). Smaller calcium carbonate particles have been obtained by adding
poly (vinylsulfonic acid) (PVSA) (from 200 nm), which has been shown to promote the
production of the vaterite form [13]. Indeed, it has also been previously reported that the
presence of sulfonic groups on polymers stabilises the vaterite form [9]. The authors [13]
evidenced that PVSA limits the interparticle bridging and aggregation of primary nuclei
to limit/prevent microparticle formation. However, the resulting calcium carbonate par-
ticles presented a high polydispersity index. They used a PVSA with a high molecular
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weight of 4000–6000 kDa. Thus, even though few examples report how calcium carbonate
nanoparticles presenting the vaterite form could be produced, long-term stability issues of
vaterite nanoparticles in aqueous media and problems with non-uniform dispersity have
unfortunately been identified.

Host-guest interactions are recognised as ingenious systems allowing the loading of
hydrophobic drugs. Common host chemicals include crown ethers, pillararenes, cucur-
biturils or even low-toxicity cyclic saccharides, such as cyclodextrins (CDs), which allow
different kinds of hydrophobic guests to be entrapped inside their hydrophobic cavity.
This results in the increased solubilisation of high levels of hydrophobic chemicals [32].
In our study, CD has been chosen as the host molecule as it presents several features,
such as being biodegradable/biocompatible, favouring the solubilisation of hydrophobic
substances, and transporting and even stabilising drugs in physiological media [33]. The
features of CD have also been combined with other drug carriers such as liposomes [34] or
nanoparticles [35], to name but a few.

In this sense, we propose to exploit the advantages of CD and calcium carbonate
particles. We thus report on a simple way to fabricate CD-CaCO3 nanoparticles in which
the vaterite form is promoted by doping the calcium solution with either PVSA (with
low molecular weight and low concentration compared to published papers) or glycerol
(studying low concentrations compared to published papers) before mixing with carbonate
solution. The effects of reaction time and the PVSA and glycerol concentration on particle
size, morphology, surface charge, and crystalline structure have been investigated. We also
show that we can still take advantage of the CD for loading hydrophobic drugs. Note that
mesoporous silica nanoparticles (MSN) are commonly synthesised by surfactant-templated
sol–gel reactions. In our study, we propose an alternative compared to the reported work
on MSN-CD, where calcium carbonate particles are prepared by simple precipitation at
room temperature. We are targeting the possibility of obtaining a tailor-made particle size
presenting stimuli responsiveness.

2. Experimental Section
2.1. Materials

Cyclodextrin (β-CD, γ-CD, HP-γ-CD and HP-β-CD), tocopherol acetate, tocopherol
linoleate, miglyol, poly(vinylsulfonic acid) 30% wt in water (molecular weight of 2 kDa
to 5 kDa according to manufacturer’s specifications, 3 kDa was used for calculation) were
purchased from Sigma-Aldrich (Saint-Quentin-Fallavier, France).

Calcium chloride (≥99%, CaCl2) and sodium carbonate (≥99%, Na2CO3) were pur-
chased from VWR Chemical, (Rosny-sous-Bois, France). Glycerol (≥99%) was purchased
from Alfa Aesar (Illkirch-Graffenstaden, France). Water was purified with a Milli-Q reagent
system (Millipore, Fontenay sous Bois, France).

2.2. Fabrication of Cyclodextrin-CaCO3 Particles

First of all, 10 mL of calcium chloride solution (CaCl2, 0.33 mol/L in water, 367 mg in
10 mL of water) containing CD (5 mg/mL) was mixed with 10 mL of sodium carbonate
solution (Na2CO3, 0.33 mol/L, 350 mg in 10 mL of water) at 25 ◦C under vigorous stirring.
This mixing leads to the rapid formation of CaCO3 microparticles due to the precipitation
phenomenon. All the residual ions were then removed via a centrifugation step (9000 rpm,
4 min). The particles were then washed three times with water and finally dried at 80 ◦C
over 24 h. The resulting sample was named “CD-CaCO3”.

2.3. Influence of the Addition of Either PVSA or Glycerol to Cyclodextrin-CaCO3 Particles

PVSA or glycerol was added to the calcium chloride solution, keeping the CaCl2
concentration constant (i.e., 0.33 mol/L). The impact of the amount of either PVSA or
glycerol was investigated (Figure 1). In this sense, 10 mL of calcium chloride solution
containing CD (5 mg/mL) was prepared in the presence of an additive (a mixture of
CaCl2 solution at 0.33 mol/L to which either PVSA or glycerol was added) by stirring the
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CaCl2/CD/additive solution at 700 rpm for 30 min and mixing it with 10 mL of sodium
carbonate solution (Na2CO3, 0.33 mol/L, 350 mg in 10 mL of water and allowing the
reaction with Na2CO3 to occur under constant stirring at room temperature during either
10 min or 4 h). The following PVSA concentrations were studied: 30 mM, 20 mM, 10 mM
and 5 mM. The following glycerol concentrations were studied: 4 mM, 3 mM, 1 mM and
0.7 mM. The samples were named as follows: “name of the additive_concentration of
the additive_mixing time”. For instance, a sample resulting from the mixing of carbonate
solution and calcium solution containing PVSA at a concentration of 30 mM and then mixed
for 10 min would be named “CD-PVSA_30 mM_10 min”. Note that the same protocol for
washing was used as in Section 2.2.
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Figure 1. Scheme showing the process of fabrication of CD-calcium carbonate particles in presence
of additive.

2.4. Characterisation of Hybrid Cyclodextrin-CaCO3 Particles

Scanning electron microscopy (SEM) was performed on a LEO1530 microscope equipped
with an InLens and secondary electron detectors using a low accelerating voltage (3 kV)
and was used to observe the shape of the obtained materials (in Leo Elektronenmikroskopie
GmbH, Oberkochen, Germany).

Zeta potential measurements were performed on a Zetasizer Nano-ZS (Zetasizer
4700 Malvern Instruments, Palaiseau, France) with a suspension of CaCO3 particles (sus-
pended in water).

Structural characterisation was performed by X-ray diffraction (XRD) using a D8 advance
diffractometer (Bruker, Champs sur Marne, France) (Cu Kα radiation). Data were recorded
over a 2θ range from 5 to 80◦ in steps of 0.02◦ at an incident wavelength λ of 1.54056 Å.

Thermogravimetric analysis (TGA) was performed on a Setaram Setsys Evolution
16 thermobalance (Setaram Instrumentation, Caluire, France) by heating the samples at a
rate of 10 ◦C/min from 30 to 900 ◦C.

The statistical analyses were performed with GraphPad Prism software, version 5.01 (USA)
statistical package. Data were analysed using the Kruskal–Wallis test (p was always lower
than 0.01).

2.5. Hydrophobic Loading of Hybrid CaCO3 Particles and Release

First of all, 10 mg of hybrid CaCO3 particles was mixed in a solution of tocopherol
acetate and stirred at 700 rpm for 24 h at room temperature. The final concentration of the
particle was 10 g/L. The resulting particles were washed with water, and the unloaded
chemical was removed by centrifugation (7000 rpm). To determine the amount of tocopherol
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acetate loaded, the hybrid CaCO3 particles were destroyed at pH 2, and the concentration
of tocopherol acetate was determined by absorbance measurements at 292 nm.

To monitor the tocopherol acetate release behaviour at room temperature, the chemical-
loaded calcium carbonate particles were placed in a dialysis bag (3.5 kDa) and immersed
in solution at pH 5.0 (200 mL). At predetermined intervals, 500 µL of the solution outside
the dialysis bag was taken out and replaced with 500 µL of fresh buffer solution. The
concentration of tocopherol acetate was determined by absorbance measurements at 292 nm.

2.6. Toxicity Test

Human embryonic kidney (HEK293; purchased from ATCC, ref CRL-1573) cells
cultured at 60–80% confluence were used for the toxicity test. After exposure to hybrid
CD-calcium carbonate particles for 48 h, human embryonic kidney (HEK293) cells were
harvested, and proteins were extracted and analysed by Western blot with a specific
antibody, cleaved caspase 3 (#9661, Cell Signaling Technology, Danvers, MA, USA). As a
positive control for apoptosis, 20% dimethyl sulfoxide (DMSO) was added to the medium.

3. Results and Discussion

As presented in Figure 1, we aimed to synthesise hybrid cyclodextrin CD-CaCO3
particles via a co-precipitation technique. This approach is a simple and efficient method
consisting of the direct mixing of soluble salts containing carbonate (CO3

2−) and calcium
(Ca2+). The impact of PVSA or glycerol additives on the resulting particle size and poly-
morph form was also investigated. The concentrations of additives in the calcium solution
and the mixing time during the precipitation reaction were varied in order to understand
how the particle size and morphology are affected.

It was noted that CD had no impact on the CaCO3 particles under the studied con-
ditions. CD was used to fabricate particles, favouring the entrapment of hydrophobic
molecules inside the particles. We employed β-cyclodextrin from the class of cyclic oligosac-
charides with seven D-glucose units linked by β-1,4-glucose bonds (Figure 2A). This CD is
water-soluble, nontoxic and commercially available. Most importantly, it has a hydrophobic
cavity that can allow the loading of different hydrophobic molecules in an aqueous envi-
ronment via the formation of host-guest inclusion complexes (Figure 2A) [36–38]. For more
insight into the CD derivative implied in the assembly, the reader may refer to the review
of Chen and Jiang [39]. In the biomedical field, the CD has proven stability and increases
the aqueous solubility, bioavailability, and local tolerance of hydrophobic chemicals [40,41].
Finally, we investigated the possibility of entrapping hydrophobic tocopherol acetate inside
the particles. The release of the loaded chemical cargo was studied in an acid environment.

The mixing of equal volumes of equimolar solutions of Na2CO3 and CaCl2 (10 mL
each, 0.33 M) in the presence of CD without any additive (PVSA or glycerol) leads to an
immediate increase in turbidity in the solution. This result shows the rapid formation of
CD-CaCO3 particles. The SEM images of these particles are shown in Figure S1. As seen,
these particles present a uniform and spherical shape with a rather narrow size distribution,
from 4 to 6 µm. The zeta potential value of the CaCO3 particles suspended in water is
−5 mV, i.e., they present negative surface charges.

The inclusion of an additive, either PVSA or glycerol, was then investigated using
different additive concentrations and stirring times. The concentration of PVSA (5 mM to
30 mM) or glycerol (0.7 mM to 4 mM) in the calcium solution was varied in order to study
how the morphology and size of the calcium carbonate particle could be affected (Figure 3).
A known limitation of DLS is the intensity-based measurement, which is weighted towards
the higher scattering cross-section of particles presenting a large size. In this sense, the SEM
technique was used to measure the size of larger particles and to assure the measured size of
smaller particles. In the presence of PVSA, the particle size varies from 2200 nm to 1830 nm
when the solutions are mixed for 10 min at room temperature. It is interesting to note that
increasing the stirring time from 10 min to 4 h at room temperature decreases the particle
size from 2000 nm to 700 nm when the concentration of PVSA is varied from 5 mM to 30 mM.
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The addition of PVSA to the particle process allows the nucleation rate to be lowered and
the surface stabilised to avoid further growth or aggregation into microparticles.
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The same observation can be made with the addition of glycerol, i.e., the addition of
this compound induces a decrease in the size of the calcium carbonate particles, which



Pharmaceutics 2023, 15, 653 7 of 15

vary from 4480 nm to 2070 nm when the concentration of glycerol varies from 0.7 mM
to 4 mM and solutions are mixed for 10 min at room temperature. It is interesting to
note that increasing the stirring time from 10 min to 4 h at room temperature decreases
the particle size from 1230 nm to 260 nm when the glycerol concentration varies from
0.7 mM to 4 mM. Compared to the results published by authors Trushina et al. [15] who
used glycerol to reduce the size of calcium carbonate particles, we find that we obtain
comparable sizes by introducing much less glycerol. Indeed, they obtain sizes in the order
of 300 nm with glycerol concentrations higher than 11 M, whereas we obtain the same order
of magnitude with concentrations in the order of 4 mM. The big difference between their
work and ours is the mixing time. They obtain nanometre-sized materials by adding much
higher concentrations and stirring for 50 to 60 min. We also obtain similar sizes (in the
order of 2 µm with 4 mM glycerol) by shaking the calcium and carbonate with additive
solutions for only 10 min. However, by increasing the stirring time (from 10 min to 4 h)
and working with low glycerol concentrations (from 1 mM), we obtain nanometric sizes.
Working at low additive concentrations and using long mixing times seems to favour the
formation of small particle sizes of calcium carbonate. Knowing that we are aiming for
applications in the biomedical field, in order to overcome any cytotoxicity problems, it
seems important to work at low additive concentrations. Based on the work by Trushina
et al., the effect of glycerol is linked to a higher number of hydroxyl groups, providing more
sites of nucleation, a stronger surface binding, and then stabilising the primary clusters of
calcium carbonate [15].

Subsequently, these particles, whether prepared in the presence or absence of PVSA
or glycerol, were suspended in water at 1 mg/mL and zeta potential measurements were
performed. The value of this parameter is of the order of −5 mV for particles without the
so-called “additive”, whereas the zeta potential value is of the order of −15 ± 2 mV in
the presence of PVSA and of the order of −12 ± 2 mV in the presence of glycerol. The
particles still present a negative surface charge for all PVSA or glycerol concentrations and
remain negatively charged even after 6 months of storage, indicating that the PVSA or
glycerol has stabilised the surface against aggregation. This result is in accordance with
the results obtained by Nagaraja et al. [13]. There are two effects that can explain this
variation compared to native CaCO3 particles. PVSA with -SO3

− groups (i.e., negatively
charged PVSA embedded into the structure of particles) can be found on the surface and
contribute to the measured negative zeta potential, in addition to the carbonate functions.
The zeta potential also reflects colloidal stability. For small particles, having a decreasing
zeta potential value may be consistent with an increase in the colloidal stability of the
suspended particles. This last case is, from our point of view, the only explanation for the
zeta potential values measured in the presence of glycerol.

XRD analysis was additionally conducted to evaluate the different phase composition
of CD-CaCO3 particles in the presence of the studied doping agent, i.e., in the presence
of either PVSA or glycerol. Figure 4A presents the XRD pattern of the CaCO3 particles
without the addition of PVSA or glycerol. As shown, vaterite and calcite are the main
crystalline polymorphs, corresponding, respectively, to hkl: 004, 110, 112, 114 and 012, 104,
006, 110, 113. The XRD of CD-CaCO3 particles with either PVSA or glycerol additive are
shown in Figure 4B,C and were analysed to investigate the possible impact on CaCO3
crystalline polymorphs. We evidence that calcite and vaterite are the main polymorphs
present for all the designed CaCO3 particles; diffraction peaks are located at hkl indices
(104) for calcite (C) and (110), (112) and (114) for vaterite (V).
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Figure 4. XRD patterns of (A) CD-CaCO3 particle, (B) CD-CaCO3 particle with PVSA and (C) CD-
CaCO3 particle with glycerol. (B) (a) CD-CaCO3 microparticle, (b) CD-PVSA_30 mM_10min,
(c) CD-PVSA_20 mM_10min, (d) CD-PVSA_10 mM_10min, (e) CD-PVSA_30 mM_4h, (f) CD-
PVSA_20 mM_4h, (g) CD-PVSA_5 mM_4h. (C) (a) CD-CaCO3 microparticle, (b) CD-
glycerol_3 mM_10min, (c) CD-glycerol_0.7 mM_10min, (d) CD-glycerol_4 mM_4h, (e) CD-
glycerol_1 mM_4h, (f) CD-glycerol_4 mM_24h.

From Rao’s equation (Equation (1)) [42], we can define the relative fractions of vaterite
(fv) and calcite (fc) in each particle (Figure 5).

fV =
(I110V + I112V + I114V)

(I110V + I112V + I114V + I104C)

From the XRD results, we can see that the CD-PVSA-CaCO3 particles are predomi-
nantly in vaterite form (in most cases, over 90%) and that the rest are calcite. According
to the data, the addition of PVSA into the coprecipitation medium leads to an increase in
the vaterite phase compared to the reaction performed at the same molar ratio but without
PVSA. These results are supported by the SEM images (Figures 6 and 7). Indeed, calcium
carbonate particles are observed to have a predominantly spherical morphology, which is
consistent with a vaterite-type form, as reported by Nagaraja et al., who prepared calcium
carbonate in the presence of PVSA but with a higher molecular weight (4000–6000 kDa)
than in the present work (2 to 5 kDa) [13].
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Figure 5. Relative fraction of vaterite and calcite in the hybrid CD-CaCO3 particle. fv: fraction of
vaterite; fc: fraction of calcite.
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From the XRD results, we see that, for all incorporated glycerol concentrations, the
calcite or vaterite form of CD-glycerol-CaCO3 particles is obtained according to the CaCO3
particle manufacturing process, and it is interesting to note that the desired polymorph
form can be favoured, i.e., the vaterite form, depending on these conditions. For instance,
the vaterite form is mainly obtained at glycerol concentrations of 0.7 mM and a mixing
time of 10 min, and these particles have a nanometric size (measured in DLS and SEM).
These results are corroborated by the SEM images (see Figure 7). To our knowledge,
this result has not been previously reported. Indeed, when glycerol is added during the
preparation of calcium carbonate particles, most studies report that the particles obtained
are micrometric and mostly of the calcite form; when the vaterite form is obtained, it is
not stable under the conditions obtained and changes to the calcite form (the unwanted
form). Low concentrations of glycerol promote vaterite formation (0.7 mM to 1 mM),
while increasing the glycerol concentration up to 3 M promotes calcite formation. The
contributing characteristics of glycerol seem to be its ability to hydrogen bond and induce
increased viscosity in the solution. At low glycerol concentrations, growth of the calcite
nuclei is probably prevented by the glycerol forming an ion diffusion barrier due to its cited
characteristics. It seems that increasing the concentration of glycerol inhibits this effect,
favouring the calcite form.

Next, we studied the thermal decomposition process of fabricated CD-CaCO3 particles
by TGA. Figure 8 presents TGA curves for PVSA, the CD-CaCO3 microparticles, CD-CaCO3
particles with PVSA, glycerol, and CD-CaCO3 particles with glycerol. The CD-CaCO3
microparticles present a first loss of weight at 710 ◦C and lose about 40% of their weight
above 800 ◦C. Free PVSA starts to lose weight at the beginning of the heating process. The CD-
PVSA-CaCO3 particles start to lose weight above 700 ◦C, 690 ◦C higher than that of free PVSA.
Free glycerol starts to lose weight at 180 ◦C and has lost its weight completely at 300 ◦C. The
CD-glycerol-CaCO3 particles start to lose weight above 650 ◦C, 470 ◦C higher than that of free



Pharmaceutics 2023, 15, 653 11 of 15

glycerol. These results are in agreement with those of Wang et al. [43], who loaded ibuprofen
inside CaCO3 particles, and Belbekhouche et al., who loaded rhodamine b [29]. Based on their
work, we can postulate that most of the PVSA or glycerol is mainly trapped inside the
CD-CaCO3 microparticles and that the amount on the surface may be low/insignificant,
which contributes to the negative charge of the particles, especially in the case of PVSA
with SO3

− groups in addition to the carbonate part.
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Figure 8. TGA curves of: (A) (a) CD-CaCO3, (b) CD-PVSA_30mM_10min, (c) CD-PVSA_30mM_4h,
(d) PVSA and (B) (a) CD-CaCO3, (b) CD-glycerol_4mM_10min, (c) CD-glycerol_4mM_4h, (d) glycerol.

The toxicity of the particles was then evaluated according to a previously published
protocol [44]. No difference was seen between the control, non-treated cells and the
CD-calcium carbonate particle-treated cells, in either cell density or cell count. This re-
sult indicates a very low or non-existent toxic effect of the calcium carbonate particles.
The toxicity data obtained are in agreement with previously published data: Bahrom
et al. demonstrated an absence of cytotoxicity with differently shaped CaCO3 particles
(spheroids, ellipsoids and toroids) on a C6 glioma cell model [45], and Zhang et al. ev-
idenced the biocompatibility of porous CaCO3 particles in micrometre and nanometre
ranges on HeLa cells [46].

Looking for a more effective hydrophobic drug delivery system, we propose to use the
developed CD-CaCO3 particles to entrap and subsequently release hydrophobic chemicals.
The pH sensitivity of the CaCO3 particles has been exploited to control tocopherol acetate
according to the pH. Indeed, CaCO3 particles can be dissolved in an acidic environment
(from pH 5) [47] and are stable in neutral media [12].

Tocopherol acetate was thus loaded inside the CD cavity of the CD-CaCO3 particles.
To check the above assumption about the possible entrapment of β-CDs in the matrix of
CaCO3 microparticles, a small amount of tocopherol acetate solubilised in ethanol was
added to CaCO3 microparticles without the addition of β-CDs. It was found that 5.5 mg of
tocopherol acetate was entrapped in a solution of 10 mg/mL CD-CaCO3 particles. However,
less than 0.6 mg of tocopherol acetate was entrapped in a solution of 10 mg/mL CaCO3
particles without the addition of CD (CD-free particles). This result clearly highlights the
efficiency of loading a hydrophobic drug using the hybrid CD-CaCO3 particles, which
could be correlated to the formation of an inclusion complex between the tocopherol
acetate molecule and b-CD in the matrix of CD-CaCO3 particles. The designed calcium
carbonate particles were found to be highly stable at pH 7.4. However, when subjected to a
slightly acidic medium, the particles are completely dissolved (within 1 h), leading to the
consequent release of the hydrophobic substance (Figures 9 and 10). This pH-dependent
release of the hydrophobic compound from CaCO3 particles renders them suitable for the
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pH-triggered release of hydrophobic drugs in localised acidic areas (e.g., inside intracellular
tumours and endosomes [48]).
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Figure 9. Tocopherol acetate release from CD-CaCO3 particles at pH 5.
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Figure 10. Schematic illustration of the dissolution of the hybrid CD-calcium carbonate particles in
acidic media.

The present study has been extended to other CD types (α-CD, γ-CD, HP-γ-CD and
HP-β-CD), and we have also shown the possibility of loading either tocopherol linoleate
or miglyol as hydrophobic molecules, instead of tocopherol acetate. We found the same
efficiencies as tocopherol acetate in terms of trapping in CDs and release.

4. Conclusions

We addressed an easy and rapid approach to fabricating CD-calcium carbonate
nanoparticles that was biocompatible and favoured the vaterite form. SEM images evi-
denced the particle formation, spherical morphology and vaterite form. This latter form has
also been highlighted by XRD measurements. The proposed method does not require any
specialised equipment, setup or organic solvent. The produced particle size and vaterite
form can be selected by controlling either the PVSA or glycerol concentration and the mix-
ing time during the precipitation phenomenon. The vaterite polymorph obtained according
to the experimental conditions remains stable even after storing the particles in aqueous
solution for up to 6 months. This is a crucial point, as most published methods fabricated
vaterite calcium carbonate nanoparticles that were not stable in water [12,31]. Moreover, the
designed CD-CaCO3 particles did not show any cytotoxicity. We also showed the possibility
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of using the resulting calcium carbonate particles for the loading of ionic hydrosoluble
chemicals. Interestingly, at pH 7.4, the designed particles remain stable and no hydrophobic
cargo release is observed; nevertheless, at pH 5, all the cargo is released because of calcium
carbonate particle decomposition. Future experiments will be undertaken to further study
cell uptake, intracellular distribution and intracellular drug release assays.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/pharmaceutics15020653/s1, Figure S1: Scanning Electron Microscopy image of CD-
calcium carbonate microparticles prepared.
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