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Abstract: Calcium carbonate (CaCOj3) particles represent an appealing choice as a drug delivery
system due to their biocompatibility, biodegradability, simplicity and cost-effectiveness of manufac-
turing, and stimulus-responsiveness. Despite this, the synthesis of CaCOj3 particles with controlled
size in the nanometer range via a scalable manufacturing method remains a major challenge. Here,
by using a co-precipitation technique, we investigated the impact on the particle size of different
synthesis parameters, such as the salt concentration, reaction time, stirring speed, and temperature.
Among them, the salt concentration and temperature resulted in having a remarkable effect on the
particle size, enabling the preparation of well-dispersed spherical nanoparticles with a size below
200 nm. Upon identification of optimized synthesis conditions, the encapsulation of the antitumoral
agent resveratrol into CaCOj3 nanoparticles, without significantly impacting the overall size and
morphology, has been successfully achieved.

Keywords: calcium carbonate nanoparticles; vaterite; nanomedicine; drug delivery; resveratrol

1. Introduction

Drug delivery systems have been widely explored in a range of biomedical applica-
tions and, particularly, for cancer therapy. These anti-cancer drugs tend frequently to be
insoluble in water or biological media, and do not possess a target-specific effect, thus exert-
ing their cytotoxic effect not only on tumor cells but also on healthy cells, leading to several
collateral effects [1-3]. To overcome these issues, research over the past decades has focused
on the development of new delivery systems that can improve the solubility, biodistribution,
and tumor targeting-ability of anti-cancer drugs [4,5]. Nanotechnology has the potential
to enhance the therapeutic efficacy of conventional anticancer drugs by increasing their
stability and solubility and enabling the precise delivery of therapeutics within a specific
tissue or organ [6]. Although a wide number of nanomaterials have been explored in pre-
clinical models, biodegradable materials are often preferred over non-biodegradable ones
for biomedical applications since they generally exhibit an improved toxicity profile [7,8].
Among these biodegradable nanomaterials, calcium carbonate (CaCO3) is particularly
attractive for the development of nanocarriers due to its unique properties, including high
biocompatibility and pH-responsiveness, along with the simplicity and low cost of pro-
duction [9,10]. The pH-responsiveness of CaCO3 nanoparticles (CaCO3NPs) makes them
particularly appealing for cancer treatment since acidosis is a hallmark of the tumor mi-
croenvironment [11]. Importantly, to fully exploit the potential of CaCOj3-based platforms
for therapeutic applications, the particle size must be kept in the nanoscale range. Particle
size is indeed one of the major parameters affecting biodistribution and consequently
determining the therapeutic outcome of nano-formulated drugs [12-14]. This is valid even
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if the particles are locally administrated (i.e., intratumorally), since particle size may alter
their retention rate, local distribution, and penetration capability [15].

Different approaches have been investigated for preparing spherical CaCO3NPs with a
controlled size in the nanoscale range. A common strategy is to include polymeric additives,
such as poly (acrylic) acid (PAA) and polydopamine (PDA) in the reaction mixture, thus
limiting crystal growth [16,17].

The chemical precipitation of salt precursors, such as CaCl, and Nay,COs, represents
the most utilized approach for the synthesis of CaCOj3-based materials [18,19]. The immedi-
ate nucleation of CaCOj particles is achieved by the vigorous mixing of the saline solutions
of CaCl, and Na;COs. From the aqueous solution, CaCOj5 precipitates three anhydrous
crystalline polymorphs (rhomboidal calcite, needle aragonite, and spherical vaterite), two
hydrated forms (monohydrate hexahydrate ikaite), and an amorphous phase. Calcite is
the stable polymorph, while vaterite and aragonite are the metastable forms that easily
transform into the stable form. Among the anhydrous polymorphs, spherical particles of
vaterite are employed in a variety of applications due to their increased water solubility and
unique chemical, physical, and mechanical properties, and reduced chemical and biological
inertness [20]. Synthesis parameters, including reactant concentrations, temperature, and
the type of solvent can influence the abundance of each morphological form of CaCOs.
Generally, high levels of supersaturation and moderate temperatures (25-45 °C) favor the
formation of polymorph vaterite [19].

Despite the number of studies conducted so far, the control of size and morphology
using a scalable synthesis method remains a challenge for the development of CaCO3-based
nanocarriers [21,22].

In this study, we have exhaustively investigated the impact of the different synthesis
parameters, such as the mixing speed, precursor concentration, and temperature on the size
and morphology of the synthesized CaCOj3 particles. Interestingly, using only the tuning
synthesis parameters, we were able to form particles with a size confined to the nanometer
range. Optimized synthesis conditions were finally applied to test drug encapsulation in
CaCO3NPs using resveratrol as a drug model.

2. Materials and Methods
2.1. Materials

Calcium chloride dihydrate (CaCl, x 2H0), >99%; Sodium carbonate (Na,COs),
BioXtra, >99.0%; Ethylene glycol (EG), Reagent Plus, >99%; Resveratrol (C14H1203),
>99% (HPLC); Acetone; Ethanol; and Methanol were purchased from Sigma-Aldrich
(St. Louis, MO, USA).

2.2. Cell Lines

A human U87 GBM cell line was obtained from ATCC. Cells were maintained in
Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), 50 U/mL penicillin, and 250 pg/mL streptomycin (Sigma-Aldrich, St. Louis, MO,
USA). All cells were maintained in an incubator at 37 °C with 5% CO,.

2.3. In Water/EG, 1:5 (v/v): Stirring Speed

The synthesis of CaCO3; NPs was carried out following the amended method reported
by Thapa et al. (2017) [23]. In particular, a double decomposition reaction was carried out,
mixing equal volumes of a 0.1 M solution of CaCl,-2H,0 and Nay;COs3, with each of them
prepared in water and ethylene glycol (1:5, v/v) and left under magnetic stirring for 30 min.
Subsequently, the synthesized NPs were collected via sequential washing with ethanol,
methanol, and acetone at 10,000 rpm for 10 min to remove unreacted ions and cosolvent
molecules, and then dried at 60 °C for 1 h. The synthesis was repeated using different
stirring speeds, such as 625, 750, 825, 1000, and 1125 rpm.
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2.4. In Water/EG, 1:5 (v/v): Reaction Time

Since vaterite is a metastable polymorph of CaCOj3, when an aqueous saline solution
free of additives is the synthesis means of the CaCOj crystals, by prolonging the incubation
time, there is often a reduction in the content of vaterite [19,24]. It has been reported that,
normally, the time required for the transformation of metastable vaterite into calcite is
between a few minutes and several hours [25,26]. To evaluate the impact of the reaction
time on the size and morphology of the CaCOs crystals synthesized in water and EG
(1:5, v/v), the synthesis was carried out using a magnetic stirring speed of 1125 rpm,
varying the reaction time: 30, 60, 120, and 180 min. The other experimental conditions were
kept unchanged.

2.5. In Water/EG, 1:1, 1:3 and 1:5 (v/v)

The polyols added to the reaction mixture can stabilize the vaterite nuclei by limiting
their subsequent transformations, thanks to the increase in supersaturation and the forma-
tion of a three-dimensional network of hydrogen-bonded molecules [27]. Here the impact
of the amount of polyol added on the size and morphology of the CaCOj3 crystals was
studied. Vaterite was synthesized in a series of experiments by adding different amounts
of EG to the solutions of CaCl,-2H,0O and Nap,COj3 and then subjecting them to vigorous
magnetic stirring at 1125 rpm for 30 min. Co-precipitation experiments were conducted at
room temperature using the prepared 0.1 M saline solutions in water and EG, 1:1, 1:3, and
1:5 (v/v), respectively.

2.6. In Water/EG, 1:5 (v/v): Initial Concentration of Precursors

It has been reported that for CaCOj particles synthesized in pure water, the diameter
significantly depends on the salt concentration. In particular, a higher concentration of salts
leads to an increase in supersaturation, which translates into an increase in the nucleation
speed resulting in smaller crystal sizes at the same total precipitate mass [28,29]. Here,
the effect of the initial precursor concentration on the size of the synthesized particles in a
mixture of water and EG was evaluated. For our study, we used solutions of CaCl,-2H,O
and NapCOj prepared in water and EG (1:5, v/v) at a concentration of 0.1, 0.05, 0.025,
and 0.01 M, respectively. Equal volumes of the two solutions were mixed and left under
magnetic stirring at 1125 rpm for 30 min.

2.7. In Water/EG, 1:5 (v/v): At 4°C

We studied the effect of temperature on the morphology and size of CaCOj particles,
synthesized in a mix of water and ethylene glycol (1/5, v/v), in a cold room at a temperature
of 4 °C. The CaCl,-2H,0 and Na,COj salts were dissolved in water/EG at concentrations
of 0.01, 0.025, and 0.05 M. Equal volumes of the two solutions were mixed under vigorous
magnetic stirring at 1125 rpm for 20 and 24 h.

2.8. Encapsulation Efficiency (EE) of Resveratrol into CaCO3NPs

The large surface of the vaterite crystals allows the absorption of a high quantity of
active molecules [30]. Here the encapsulation efficiency was evaluated using resveratrol
(Res) as a model drug. For the loading of the Res into the vaterite particles, the active
molecules were added to the reaction mixture. The reaction was carried out by mixing
equal volumes of 40 mM CaCl,-2H,0O and 40 mM resveratrol (Res) solutions followed
by incubation for 10 min at room temperature under magnetic stirring at 1125 rpm. Sub-
sequently, a double volume of 20 mM NayCOj3 solution was added to the reaction vial
and the mixture was left under magnetic stirring for a further 30 min at 1125 rpm. All
solutions were prepared in water/EG (1:5, v/v). After centrifugation, the supernatant was
recovered, and the encapsulation efficiency (EE) was determined spectrophotometrically
(A = 303 nm) by an indirect method using the following formula: Encapsulation efficiency
(EE)% = (total amount of drug added—amount of drug in supernatant)/total amount of
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drug added x 100. Similarly, the EE of the Res was determined by conducting the synthesis
at4°C.

2.9. Morphological Characterization

CaCOj particle size and morphology were analyzed by the transmission electron
microscopy (TEM) technique. CaCOj3 samples were imaged by a JEOL JEM 1011 TEM
microscope (JEOL USA, Inc., Peabody, MA, USA), operated at an acceleration voltage
of 100 kV. CaCO3 samples were prepared by depositing a droplet of ethanol-dispersed
particles onto a standard C-coated Cu grid. The average size of particle samples, as imaged
by TEM, was determined by the Image] software (Image], version 1.52t, Free Software for
Image Data Analysis, imagej.nih.gov/ij/index.html, accessed on 22 March 2022). The
number of analyzed particles exceeded 250 in each sample. Each point plotted on the
graphs represents the average of 3 samples obtained under the same conditions.

2.10. Phase Composition

The phase composition of selected samples was determined through X-ray Diffraction
(XRD) and FTIR. XRD patterns were acquired with an X" Pert PRO MRD diffractometer,
(Malvern Panalytical Ltd., Malvern, UK) equipped with a fast RTMS detector, using a CuK
o radiation (40 kV and 40 mA). Data were recorded in the 20-60° 20 range, with a virtual
step-scan of 0.005° 26, and a counting time of 100 s. Phase identification was performed
compared to the standard JCPDF diffraction patterns 00-005-0586 for CaCOj3 calcite and
00-033-0268 for CaCOj3 vaterite. The relative crystalline phase composition was estimated
by comparing the areas of the 100% peaks (after background subtraction); the considered
peaks were located at 29.4° for calcite and 32.5° for vaterite.

FTIR spectra were measured with FT /IR-6000 Jasco (Jasco Europe, Cremella, Italy) in
transmission mode; the spectra were acquired on a disc made of approximately 2 mg of
powder and 200 mg of KBr.

2.11. In Vitro Release Study

The in vitro degradation of the CaCOjs particles at different pH values was tested in
buffers of pH 7.4, 6.5, and 5.5 at 37 °C. The CaCOj crystals (5 mg) were resuspended in
2 mL of the buffer solution. At different time points, the release of Res was determined by
measuring the absorbance in the collected supernatants at the wavelength of 303 nm.

2.12. MTT Assay (Cell Viability)

Cells were grown in 96-well plates in 200 puL of medium volume per well and incubated
with different concentrations of CaCO3;NPs. After treatment, the medium was removed,
and cells were washed twice with PBS (pH 7.4) at 37 °C and placed into PBS. Then, the MTT
solution was added to the cells at a concentration of 1 mg/mL, and the cells were incubated
for 3 h under standard conditions. After incubation, PBS was removed and DMSO was
added to dissolve formed formazan crystals. The optical density of formazan solution in
DMSO was measured at 540 nm.

3. Results and Discussion
3.1. Impacts of Mixing Speed on CaCO3NPs Size

The co-precipitation of calcium and carbonate salts in an aqueous solution is a simple
and convenient method for the synthesis of CaCO3NPs. However, this method usually
results in the formation of particles in the micrometer range in the absence of stabilizer
agents [31]. The stirring speed at which the two saline solutions are mixed is a key
factor in the precipitation process. In the aqueous medium, the activation energy of the
nucleation of the vaterite particles is influenced by the intensity of the agitation. The local
inhomogeneity of the supersaturation nucleation can have an impact on the formation of
favorable conditions for the precipitation of pure vaterite crystals [32].
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We investigated the impact of mixing speed on the physicochemical characteristics,
such as the size and morphology, of CaCO3NPs obtained following a coprecipitation
technique. The procedure utilized for CaCO3NPs manufacturing is described in Figure 1.

J 1) Wash with ethanol
2) Wash with methanol

CaCl, in H.0/EG (1:5) 3) Wash with acetone

—_— B

CaCO;NPs

+
B

Na,CO; in H,0/EG (1:5)

Figure 1. Schematic illustration of the procedure used for the fabrication of CaCO3NPs.

In this scope, CaCO3NPs were obtained following a coprecipitation technique using
different stirring rates (625, 750, 875, 100, 1125 rpm) as shown in the TEM images of
Figure 2a—e. The particle size distribution and average, as determined by Image] software,
are shown in Figure 2f-j; here, size is reported as the mean + SEM. Such data showed an
inverse correlation between the nanoparticle size and mixing speed, with an average size
that decreased from 669 £ 42 nm to 341 & 15 nm by simply increasing the stirring speed.
Interestingly, we noticed that size reduction was accompanied by an improvement in the
size distribution (Figure 2).
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Figure 2. TEM images (a—e) and relative size distribution (f-j) of CaCO3;NPs prepared by coprecipita-
tion using different stirring rates, such as 625 rpm (a,f), 750 rpm (b,g), 875 rpm (c,h), 1000 rpm (d,i),
1125 rpm (e,j).
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3.2. Effect of Reaction Time on CaCO3NP Size and Phase Composition

Vaterite is a metastable polymorph of CaCOs, therefore the prolongation of the re-
action time leads to a reduction of the vaterite content when the synthesis medium is an
aqueous solution free of organic additives [33]. The remaining precipitated vaterite crystals
in aqueous solutions recrystallize into the more stable polymorphs of CaCOj3;, namely
aragonite and calcite. Normally, the time required for the transformation of vaterite into
calcite is between a few minutes and several hours [34].

In our study, as previously reported, we showed that the presence of organic solvents
such as ethylene glycol (EG) can prevent the complete transformation of vaterite into calcite,
thus maintaining a spherical morphology (Figure 3) [34]. Prolongation of the reaction time
from 30 min to 3 h led to an increase in the particle size from 339 £ 16 nm to 767 £ 27 nm.
A reaction time of less than 30 min was not sufficient for the nucleation and growth of
CaCO3NPs (data not shown).

339+16 nm 0 767 £27 nm
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e 50 497 + ’17 nm
o . : ‘ |
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300 400 500 600 700
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o 200 400 600 8200 1000
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&
Figure 3. TEM images (left) and size distribution (right) of CaCO3NPs prepared using different

reaction times, such as 30 min (a), 1 h (b), 2 h (c), and 3 h (d), and reducing the H,O/EG ratio at
1:3 (e) and 1:1 (f).
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We also confirmed the importance of EG for controlling particle size by reducing
the ratio of HyO:EG to 1:3 and 1:1. The decrease in the amount of EG in the reaction
medium resulted in the formation of nanoparticles with an average size of 497 + 17 nm
and 604 £ 49 nm using an H,O:EG ratio of 1:3 and 1:1, respectively (Figure 3e,f).

To determine the effect of different reaction times on the phase composition, XRD pat-
terns were acquired for CaCO3NP prepared for 30 and 180 min; the normalized diffraction
patterns for both samples are shown in Figure 4.
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Figure 4. XRD patterns for samples prepared in W:EG 1:5 for 30 and 180 min. The acquired data are
compared to the standard patterns for calcite and vaterite.

In both cases, two polymorphs of calcium carbonate can be detected, namely vaterite
and calcite. The relative proportion of each phase, however, is different according to
the reaction time (see Table 1). In the sample prepared for 30 min, in fact, vaterite is
approximately 58%wt; increasing the time to 3 h leads to a significant increase in this phase
to 67%wt.

Table 1. Relative phase composition for samples prepared in W:EG 1:5 for different times. All values
are expressed in wt% and have an error of about 3%.

Reaction Time 30 Minutes 180 Minutes
Calcite (%) 415 325
Vaterite (%) 58.5 67.5

These results may seem surprising, since vaterite is a metastable phase, which tends to
convert to more stable phases, such as calcite with more prolonged reaction times [19,34]. It
must be highlighted, however, that such conversion can be affected by different parameters,
including the presence of organic molecules and/or other ions [35]. Moreover, other studies
showed that longer reaction times may lead to a higher vaterite content [26]. Indeed, the
formation of different phases between the different CaCO3 polymorphs is a rather complex
topic, with many parallel processes occurring and different elements to be considered.

To assess whether any significant organic contamination was present in the CaCO3NP,
FTIR spectra were taken; Figure 5 shows, as an example, the spectrum for the sample
prepared in W:EG 1:5 for 30 min. It can be seen that peaks characteristic of CaCOj vaterite
are present; indeed, signals at 746, 877, and 1086 cm ! were detected. They correspond,
respectively, to the v4, v3, and v1 modes of vibration of the CO32~ ion in the vaterite [36].
A smaller signal at 713 cm~! was also registered; this can be attributed to the CO32~
v4 mode for calcite [37], indicating the presence of this phase too. The peaks at 1442 and
1490 cm ™!, on the other hand, belong to the v3 asymmetric mode, while the broad one
at 3450 cm~! corresponds to the OH stretching of water and/or residual solvents [36].
Indeed, the presence of organic residues can also be confirmed by the peak at 2922 cm ™!,
which belongs to the C-H vibration [38]. However, the intensity of the detected signal is
very weak, indicating that the concentration of the residual organic solvent is very low,
and that the majority of the solvent is removed through washing. Although FTIR is not a
quantitative technique, it can be assumed that such an estimated low amount should not
pose a threat of toxicity in the drug delivery processes.



Nanomaterials 2022, 12, 1494 80of 13

60 -
\
7f4g 13
o~ 2922
S 401
@
e 3450
£
& o0l
[
©
-
1490
1442 877

0 . I . I . I I . I

4000 3500 3000 1500 1000 500
Wavenumber (cm'1)

Figure 5. FTIR spectrum of the sample W:EG 1:5, 30 min.

3.3. Effect of the Initial Concentration of Precursors

EG molecules have polar alcohol groups characterized by high cohesive energy toward
the cationic Ca?* ions in the solution. The strong association between Ca?* ions and
alcoholic groups determines a local increase in supersaturation so that nucleation occurs at
a greater speed in the vicinity of these bound ions than the mass. The particle size of vaterite
obtained in water/EG (1:5) was examined concerning the initial salt concentration. Our
study revealed a positive correlation between the salt concentration (CaCl, and Nay,CO3)
and the size of the synthesized nanoparticles (Figure 6). This effect may be related to a
limited number of nucleation sites made available by polyol functional groups. When the
crystalline nuclei occupy all the sites, it is energetically favorable for the remaining ions to
associate with the growing particles rather than forming new nuclei. As a result, more ions
are present in the solution and more ions will participate in the growth of CaCO3NPs.
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Figure 6. TEM images and size distribution of CaCO3NPs prepared with varying salt concentrations
to 0.1 (a), 0.05 (b), 0.025 (c), and 0.01 M (d).

Testing different salt concentrations, we identified 0.01 M as the optimal condition for
ensuring the formation of nanoparticles with the smallest average size (207 & 5 nm) and
good size distribution.



Nanomaterials 2022, 12, 1494

90f13

3.4. Effect of Temperature on the Size of CaCO3NPs

In wet chemical nanoparticle synthesis, it is generally accepted that reaction tempera-
ture is one of the parameters that most impact a nanoparticle’s size, usually showing an
inverse correlation between temperature and size.

CaCO;s is a “reverse soluble” compound that at higher temperatures is less soluble
due to the poor solubility of carbon dioxide in water. It is also known that as the temper-
ature increases, the nucleation rate increases [39]. All this suggests an advantage of the
elevated temperatures in the precipitation of smaller vaterite crystals and the consequent
prevention of the recrystallization process in more stable polymorphs. On the contrary,
using salt concentrations of 0.050 and 0.025 M, by decreasing the synthesis temperature
from room temperature to 4 °C, the average nanoparticle size decreased to 211 £ 13 nm and
134 &+ 3 nm, respectively, with a simultaneous narrowing of the particle size distribution
(Figure 7). However, the extension of the reaction time from previously optimized 30 min
to 20 h and a minimal salt concentration of 0.025 M were necessary to ensure the formation
of nanoparticles. Instead, a reaction time longer than 20 h resulted in an increase in the
average CaCO;NP size.
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Figure 7. TEM images and size distribution of CaCO3NPs prepared at 4 °C varying the salt concen-
tration (0.05 (a,c) and 0.025 M (b,d)) and the reaction time (20 h (a,b) and 24 h (c,d)).
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Overall, our results suggest that a reaction temperature of 4 °C, a reaction time of
20 h, and a precursor concentration of 0.025 M were optimal to guarantee the formation of
nanosized spherical vaterite structures.

3.5. Loading Efficiency and In Vitro Release

The most common technique for the encapsulation of drugs in CaCO3;NPs consists
of its coprecipitation during nanoparticle synthesis. Likely, drug incorporation inside
CaCO;NPs relies on the establishment of an ionic interaction with Ca%* ions and/or CO32~
ions. Therefore, in this approach, the most relevant factors are steric effects, the molecular
weight of the drug that is intended to be loaded, and its affinity for the Ca?* and CO3%~
ions [40]. It is also possible to improve the loading efficiency by adjusting the pH of the
reaction in a way to control the electrostatic or hydrophobic interaction between the drug
and the ions that compose the nanoparticles [41].

The loading efficiency was determined using resveratrol (Res) as a drug model. The
entrapment of the drug into CaCO3;NPs was confirmed by spectrophotometrically quanti-
fying the amount of free drug remaining in the supernatant after washing (Figure 8). Using
the optimized synthesis conditions determined for room temperature (salt concentration
0.01 M, reaction time 30 min, and mixing speed of 1125 rpm) and 4 °C (salt concentration
0.025 M, reaction time 24 h, and mixing speed of 1125 rpm) preparations, we were able to
achieve a loading efficiency of 83.45% and 97.22%, respectively (Figure 8).
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Figure 8. Preparation and characterization of Res-loaded CaCO3 NPs. Calibration curve of Resver-
atrol (a). TEM image and relative size distribution of Res-loaded CaCO3;NPs synthesized at room
temperature (b,d) and 4 °C (c,e). Average size and EE (%) for CaCO3NPs synthesized at RT and
4 °C (f). In vitro evaluation of Res release at different pH values (pH = 7.4, pH = 6.5, pH = 5.5) (g).
MTT assay of U87 cells after 24 h of exposure to increasing concentrations of CaCO3NPs (25; 50; 100;
200; 300 ug/mL), 100 uM of Res loaded into CaCO3NPs (Res-NPs) and free (Res) (h). * p < 0.05; ns,
not significant; one-way ANOVA test.

The biodegradability of nanomaterials is an essential prerequisite for their suitability
in biomedical applications, ensuring their rapid elimination once they have completed their
function. The peculiarity of CaCOjz-based nanomaterials is that their degradation rate is
accelerated at acidic pH, thereby allowing the release of the encapsulated drug in response
to pH acidification [9].

The drug release profile of Res by CaCO3NPs in response to pH changes was assessed
in phosphate buffer solutions of pH 7.4, 6.5, and 5.5. As shown in Figure 8g, around
96% of Res was released within 4 h in an acidic environment (pH 5.5), in a slightly acidic
environment (pH 6.5) around 69% of Res was released, while at neutral pH (pH 7.4) only
22% RES was released within the same time. The results showed a pH-dependent release
of the drug due to the accelerated degradation of CaCO3;NPs in acidic environments
(Figure 8g).

3.6. Evaluation of Toxicity

The cytotoxicity of the obtained CaCO3NPs with or without Res was assessed using a
standard MTT assay, which estimates the percentage of alive cells after incubation with
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the different treatments. The effectiveness of Res-loaded CaCO3NPs in inhibiting cell
proliferation was assessed in a human glioblastoma cell line (U87 cells) and a comparison
was made with free Res and CaCO3;NPs without the drug. In line with previous stud-
ies, no signs of toxicity were observed after the exposure to different concentrations of
CaCO3NPs (from 25 to 300 pg/mL), confirming the high biocompatibility of CaCO3-based
nanomaterials (Figure 8h). On the other hand, a significant reduction in cell viability was
observed in U87 cells subjected to Res-loaded CaCO3;NPs for 24 h. Indeed, after the 24-h
incubation, the viability of U87 cells dropped to ~65%. Importantly, the cytotoxic effect
induced by the treatment with CaCO3NPs containing Res was even more pronounced than
those observed in U87 cells treated with the unformulated drug (~72%), corroborating the
ability of nanocarriers to boost the therapeutic effect of conventional anticancer treatments
(Figure 8h).

4. Conclusions

We presented a systematic optimization and evaluation of different synthesis parame-
ters with the aim to identify the conditions that can allow the production of vaterite CaCOs3
particles with an average size in the nanoscale range (<200 nm).

Using an easily scalable synthesis setting, we identified reaction time, precursor
concentrations, and temperature as the most important factors for controlling nanoparticle
growth during the synthesis.

Optimized conditions allowed the preparation of CaCO3-based monodisperse spheri-
cal nanostructures with a size smaller than 200 nm. The synthesized nanoparticles were
characterized by TEM. Due to their monodispersion and small size, the obtained nanoparti-
cles are highly suitable for biomedical applications, including intravenous administration.

Efficient encapsulation of an anticancer drug (Res) was obtained in CaCO3;NPs follow-
ing a coprecipitation method. The drug release profile of Res-loaded CaCO3;NPs showed
that the release of Res is enhanced in acidic pH demonstrating that the developed system
has the potential to enable controlled release of the payload. The pH-responsiveness of
Res-loaded CaCO3NPs may help to prevent the undesired off-target release of the drug in
organs such as the liver, heart, and spleen.

In the concentration range of 25-300 pug/mL, CaCO3NPs did not exhibit any toxicity in
U87 glioblastoma cells. The inhibitory effect on cancer cell proliferation on U87 glioblastoma
cells by Res-loaded CaCO3NPs turned out to be more potent than that of free Res at the
concentration of 100 uM.

Our results indicate that we were able to synthesize CaCO3;NPs with an average
size suitable for biomedical applications, which holds great promise for further in vivo
preclinical studies.

Author Contributions: Conceptualization, EP. and S.L.; methodology, EP,; formal analysis, FP. and
C.N.; TEM investigation, C.N. and EP.; XRD and FTIR investigation, C.P.; writing—original draft
preparation, F.P.; writing—review and editing, EP,, S.L., C.N., C.P. and G.G.; supervision, S.L.; funding
acquisition, G.G. All authors have read and agreed to the published version of the manuscript.

Funding: FP, G.G,, C.N. and S.L. are grateful to the Tecnopolo per la medicina di precisione
(TecnoMed Puglia)—Regione Puglia: DGR no. 2117 del 21/11/2018, CUP: B84118000540002 and
Tecnopolo di Nanotecnologia e Fotonica per la medicina di precisione (TECNOMED)—FISR/MIUR-
CNR: delibera CIPE no. 3449 del 7-08-2017, CUP: B83B17000010001.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.



Nanomaterials 2022, 12, 1494 12 of 13

References

1. Li, C; Wang, ].; Wang, Y.; Gao, H.; Wei, G.; Huang, Y.; Yu, H.; Gan, Y.; Wang, Y.; Mei, L.; et al. Recent progress in drug delivery.
Acta Pharm. Sin. B 2019, 9, 1145-1162. [CrossRef] [PubMed]

2. Ulldemolins, A.; Seras-Franzoso, J.; Andrade, F,; Rafael, D.; Abasolo, I.; Gener, P.; Schwartz, S., Jr. Perspectives of nano-carrier
drug delivery systems to overcome cancer drug resistance in the clinics. Cancer Drug Resist. 2021, 4, 44—68. [CrossRef]

3. Narvekar, M.; Xue, H.Y.; Eoh, ].Y.; Wong, H.L. Nanocarrier for poorly water-soluble anticancer drugs—Barriers of translation and
solutions. AAPS PharmSciTech 2014, 15, 822-833. [CrossRef] [PubMed]

4. Senapati, S.; Mahanta, A.K.; Kumar, S.; Maiti, P. Controlled drug delivery vehicles for cancer treatment and their performance.
Signal. Transduct. Target. Ther. 2018, 3, 7. [CrossRef]

5. Xin, Y, Yin, M.; Zhao, L.; Meng, F.; Luo, L. Recent progress on nanoparticle-based drug delivery systems for cancer therapy.
Cancer Biol. Med. 2017, 14, 228. [CrossRef]

6. Mitchell, M.].; Billingsley, M.M.; Haley, R.M.; Wechsler, M.E.; Peppas, N.A.; Langer, R. Engineering precision nanoparticles for
drug delivery. Nat. Rev. Drug Discov. 2021, 20, 101-124. [CrossRef]

7. Su,S.; Kang, PM. Systemic review of biodegradable nanomaterials in nanomedicine. Nanomaterials 2020, 10, 656. [CrossRef]

8.  Lenders, V.; Koutsoumpou, X.; Sargsian, A.; Manshian, B.B. Biomedical nanomaterials for immunological applications: Ongoing
research and clinical trials. Nanoscale Adv. 2020, 2, 5046-5089. [CrossRef]

9. Popova, V,; Poletaeva, Y.; Pyshnaya, I.; Pyshnyi, D.; Dmitrienko, E. Designing pH-Dependent Systems Based on Nanoscale
Calcium Carbonate for the Delivery of an Antitumor Drug. Nanomaterials 2021, 11, 2794. [CrossRef]

10. Lauth, V.; Maas, M.; Rezwan, K. An evaluation of colloidal and crystalline properties of CaCO3 nanoparticles for biological
applications. Mater. Sci. Eng. C 2017, 78, 305-314. [CrossRef]

11.  Zhu, Y,; Yang, Z.; Dong, Z.; Gong, Y.; Hao, Y; Tian, L.; Feng, L. CaCOg3-assisted preparation of pH-responsive immune-modulating
nanoparticles for augmented chemo-immunotherapy. Nano-Micro Lett. 2021, 13, 29. [CrossRef]

12.  Harish, V,; Tewari, D.; Gaur, M.; Yadav, A.B.; Swaroop, S.; Bechelany, M.; Barhoum, A. Review on Nanoparticles and Nanos-
tructured Materials: Bioimaging, Biosensing, Drug Delivery, Tissue Engineering, Antimicrobial, and Agro-Food Applications.
Nanomaterials 2022, 12, 457. [CrossRef]

13. Ferreira, A.M.; Vikulina, A.S.; Volodkin, D. CaCOj crystals as versatile carriers for controlled delivery of antimicrobials. J. Control.
Release 2020, 328, 470-489. [CrossRef]

14. Danaei, M.; Dehghankhold, M.; Ataei, S.; Hasanzadeh Davarani, F; Javanmard, R.; Dokhani, A.; Khorasani, S.; Mozafari, M.R.
Impact of particle size and polydispersity index on the clinical applications of lipidic nanocarrier systems. Pharmaceutics 2018, 10, 57.
[CrossRef]

15.  Zhang, M.; Gao, S.; Yang, D.; Fang, Y.; Lin, X,; Jin, X,; Liu, Y.; Liu, X,; Su, K; Shi, K. Influencing factors and strategies of enhancing
nanoparticles into tumors in vivo. Acta Pharm. Sin. B 2021, 11, 2265-2285. [CrossRef]

16. Tanaka, Y.; Naka, K. Synthesis of calcium carbonate particles with carboxylic-terminated hyperbranched poly (amidoamine) and
their surface modification. Polym. J. 2012, 44, 586-593. [CrossRef]

17.  Vidallon, M.L.P;; Yu, E; Teo, B.M. Controlling the size and polymorphism of calcium carbonate hybrid particles using natural
biopolymers. Cryst. Growth Des. 2020, 20, 645-652. [CrossRef]

18. Febrida, R.; Cahyanto, A.; Herda, E.; Muthukanan, V.; Djustiana, N.; Faizal, F; Panatarani, C.; Joni, LM. Synthesis and
characterization of porous CaCOj vaterite particles by simple solution method. Materials 2021, 14, 4425. [CrossRef]

19. Konopacka-Lyskawa, D. Synthesis methods and favorable conditions for spherical vaterite precipitation: A review. Crystals 2019,
9, 223. [CrossRef]

20. Cuesta Mayorga, L; Astilleros, ].M.; Fernandez-Diaz, L. Precipitation of CaCO3 polymorphs from aqueous solutions: The role of
pH and sulphate groups. Minerals 2019, 9, 178. [CrossRef]

21. Zafar, B.; Campbell, J.; Cooke, ]J.; Skirtach, A.G.; Volodkin, D. Modification of Surfaces with Vaterite CaCOj3 Particles. Micromachines
2022, 13, 473. [CrossRef]

22. Bahrom, H.; Goncharenko, A.A.; Fatkhutdinova, L.I.; Peltek, O.O.; Muslimov, A.R.; Koval, O.Y.; Eliseev, L.E.; Manchev, A.; Gorin,
D.; Shishkin, LL; et al. Controllable synthesis of calcium carbonate with different geometry: Comprehensive analysis of particle
formation, cellular uptake, and biocompatibility. ACS Sustain. Chem. Eng. 2019, 7, 19142-19156. [CrossRef]

23. Thapa, RK,; Nguyen, H.T,; Jeong, ].H.; Kim, J.R.; Choi, H.G.; Yong, C.S.; Kim, J.O. Progressive slowdown/prevention of cellular
senescence by CD9-targeted delivery of rapamycin using lactose-wrapped calcium carbonate nanoparticles. Sci. Rep. 2017, 7, 43299.
[CrossRef]

24. Mori, Y.; Enomae, T.; Isogai, A. Preparation of pure vaterite by simple mechanical mixing of two aqueous salt solutions. Mater.
Sci. Eng. C 2009, 29, 1409-1414. [CrossRef]

25. Galan, I; Purgstaller, B.; Grengg, C.; Miiller, B.; Dietzel, M. Amorphous and crystalline CaCOj3 phase transformation at high
solid /liquid ratio—Insight to a novel binder system. J. Cryst. Growth 2022, 580, 126465. [CrossRef]

26. Febrida, R.; Setianto, S.; Herda, E.; Cahyanto, A.; Joni, LM. Structure and phase analysis of calcium carbonate powder prepared
by a simple solution method. Heliyon 2021, 7, €08344. [CrossRef]

27. Trushina, D.B.; Bukreeva, T.V.; Antipina, M.N. Size-controlled synthesis of vaterite calcium carbonate by the mixing method:

Aiming for nanosized particles. Cryst. Growth Des. 2016, 16, 1311-1319. [CrossRef]


http://doi.org/10.1016/j.apsb.2019.08.003
http://www.ncbi.nlm.nih.gov/pubmed/31867161
http://doi.org/10.20517/cdr.2020.59
http://doi.org/10.1208/s12249-014-0107-x
http://www.ncbi.nlm.nih.gov/pubmed/24687241
http://doi.org/10.1038/s41392-017-0004-3
http://doi.org/10.20892/j.issn.2095-3941.2017.0052
http://doi.org/10.1038/s41573-020-0090-8
http://doi.org/10.3390/nano10040656
http://doi.org/10.1039/D0NA00478B
http://doi.org/10.3390/nano11112794
http://doi.org/10.1016/j.msec.2017.04.037
http://doi.org/10.1007/s40820-020-00549-4
http://doi.org/10.3390/nano12030457
http://doi.org/10.1016/j.jconrel.2020.08.061
http://doi.org/10.3390/pharmaceutics10020057
http://doi.org/10.1016/j.apsb.2021.03.033
http://doi.org/10.1038/pj.2012.28
http://doi.org/10.1021/acs.cgd.9b01057
http://doi.org/10.3390/ma14164425
http://doi.org/10.3390/cryst9040223
http://doi.org/10.3390/min9030178
http://doi.org/10.3390/mi13030473
http://doi.org/10.1021/acssuschemeng.9b05128
http://doi.org/10.1038/srep43299
http://doi.org/10.1016/j.msec.2008.11.009
http://doi.org/10.1016/j.jcrysgro.2021.126465
http://doi.org/10.1016/j.heliyon.2021.e08344
http://doi.org/10.1021/acs.cgd.5b01422

Nanomaterials 2022, 12, 1494 13 of 13

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Liendo, F.; Arduino, M.; Deorsola, EA.; Bensaid, S. Factors controlling and influencing polymorphism, morphology and size of
calcium carbonate synthesized through the carbonation route: A review. Powder Technol. 2021, 398, 117050. [CrossRef]

McGinty, J.; Yazdanpanah, N.; Price, C.; ter Horst, J.H.; Sefcik, J. Nucleation and crystal growth in continuous crystallization. In
The Handbook of Continuous Crystallization; Royal Society of Chemistry: London, UK, 2020.

Trushina, D.B.; Borodina, T.N.; Belyakov, S.; Antipina, M.N. Calcium carbonate vaterite particles for drug delivery: Advances and
challenges. Mater. Today Adv. 2022, 14, 100214. [CrossRef]

Casanova, H.; Higuita, L.P. Synthesis of calcium carbonate nanoparticles by reactive precipitation using a high pressure jet
homogenizer. Chem. Eng. . 2011, 175, 569-578. [CrossRef]

Roelands, C.M.; ter Horst, ].H.; Kramer, H.J.; Jansens, P.J. Analysis of nucleation rate measurements in precipitation processes.
Cryst. Growth Des. 2006, 6, 1380-1392. [CrossRef]

Guan, Y,; Wang, X.; Cao, W.; Zhou, G. Controlled synthesis and microstructure of metastable flower-like vaterite. Materials 2018,
11, 2300. [CrossRef]

Konopacka-Lyskawa, D.; Czaplicka, N.; Lapiriski, M.; Koscielska, B.; Bray, R. Precipitation and transformation of vaterite calcium
carbonate in the presence of some organic solvents. Materials 2020, 13, 2742. [CrossRef]

Liendo, F.; Arduino, M.; Deorsola, FA.; Bensaid, S. Nucleation and growth kinetics of CaCOj3 crystals in the presence of foreign
monovalent ions. J. Cryst. Growth 2022, 578, 126406. [CrossRef]

Pérez-Villarejo, L.; Takabiat, F.; Mahtout, L.; Carrasco-Hurtado, B.; Eliche-Quesada, D.; Sanchez-Soto, P. Synthesis of vaterite
CaCO3 as submicron and nanosized particles using inorganic precursors and sucrose in aqueous medium. Ceram. Int. 2018, 44,
5291-5296. [CrossRef]

Song, X.; Weng, C.; Cao, Y.; Kong, H.; Luo, X. Facile synthesis of pure vaterite using streamed ammonia liquid waste and
ammonium carbonate without additives via simple mechanical mixing. Powd. Techn. 2021, 386, 361-371. [CrossRef]

Shimoaka, T.; Hasegawa, T. Molecular structural analysis of hydrated ethylene glycol accounting for the antifreeze effect using
infrared attenuated total reflection spectroscopy. J. Molec. Lig. 2016, 223, 621-627. [CrossRef]

Dunuweera, S.P.; Rajapakse, R.M.G. Synthesis of unstable vaterite polymorph of porous calcium carbonate nanoparticles,
encapsulation of anticancer drug cisplatin, studying release kinetics for safe, targeted delivery and slow release. J. Nanomed.
Biother. Discov. 2017, 7, 1.

Feoktistova, N.A.; Vikulina, A.S.; Balabushevich, N.G.; Skirtach, A.G.; Volodkin, D. Bioactivity of catalase loaded into vaterite
CaCO;s crystals via adsorption and co-synthesis. Mater. Des. 2020, 185, 108223. [CrossRef]

Choukrani, G.; Alvarez Freile, J.; Avtenyuk, N.U.; Wan, W.; Zimmermann, K.; Bremer, E.; Ddhne, L. High Loading Efficiency and
Controlled Release of Bioactive Immunotherapeutic Proteins Using Vaterite Nanoparticles. Part. Part. Syst. Charact. 2021, 38, 2100012.
[CrossRef]


http://doi.org/10.1016/j.powtec.2021.117050
http://doi.org/10.1016/j.mtadv.2022.100214
http://doi.org/10.1016/j.cej.2011.09.051
http://doi.org/10.1021/cg050678w
http://doi.org/10.3390/ma11112300
http://doi.org/10.3390/ma13122742
http://doi.org/10.1016/j.jcrysgro.2021.126406
http://doi.org/10.1016/j.ceramint.2017.12.142
http://doi.org/10.1016/j.powtec.2021.03.047
http://doi.org/10.1016/j.molliq.2016.08.097
http://doi.org/10.1016/j.matdes.2019.108223
http://doi.org/10.1002/ppsc.202100012

	Introduction 
	Materials and Methods 
	Materials 
	Cell Lines 
	In Water/EG, 1:5 (v/v): Stirring Speed 
	In Water/EG, 1:5 (v/v): Reaction Time 
	In Water/EG, 1:1, 1:3 and 1:5 (v/v) 
	In Water/EG, 1:5 (v/v): Initial Concentration of Precursors 
	In Water/EG, 1:5 (v/v): At 4 C 
	Encapsulation Efficiency (EE) of Resveratrol into CaCO3NPs 
	Morphological Characterization 
	Phase Composition 
	In Vitro Release Study 
	MTT Assay (Cell Viability) 

	Results and Discussion 
	Impacts of Mixing Speed on CaCO3NPs Size 
	Effect of Reaction Time on CaCO3NP Size and Phase Composition 
	Effect of the Initial Concentration of Precursors 
	Effect of Temperature on the Size of CaCO3NPs 
	Loading Efficiency and In Vitro Release 
	Evaluation of Toxicity 

	Conclusions 
	References

