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A B S T R A C T

Calcium carbonate (CaCO₃) is widely studied for drug delivery because of its excellent biocompatibility, low 
toxicity, and the high surface area and porosity of its vaterite phase, which enable efficient drug loading and 
cellular uptake. However, the intrinsic metastability of vaterite leads to its transformation into stable calcite, 
which limits its practical applications. In this study, porous vaterite CaCO₃ nanoparticles were synthesized 
through a facile co-precipitation process assisted by alcohols and surfactants, which regulate ion diffusion and 
control the crystallization pathway. The effects of the alcohol type and concentration, as well as the surfactant 
mixing ratio, were systematically investigated to optimize the particle size, morphology, and phase composition. 
The synergistic regulation of solvent polarity and surfactant balance enabled the formation of uniform vaterite 
nanoparticles (~300 nm) with high porosity and specific surface area (89.3 m²/g). Ovalbumin—a model anti
gen—was adsorbed onto the porous nanoparticles with an efficiency of > 99.1%. Moreover, in vitro cytotoxicity 
and antigen-presentation assays demonstrated excellent biocompatibility (cell viability >90%) and enhanced IL- 
2 secretion (~2200 pg/mL), indicating potent immunostimulatory capability. The findings demonstrate that the 
alcohol-surfactant-assisted co-precipitation strategy provides a simple yet effective route for the controlled 
synthesis of stable, porous vaterite CaCO₃ nanoparticles. These nanostructures exhibit considerable potential as 
biocompatible carriers for antigen delivery, drug loading, and other advanced biomedical applications.

1. Introduction

Calcium carbonate (CaCO₃) is a representative inorganic material 
that has been widely investigated owing to its excellent biocompati
bility, low toxicity, and high solubility [1− 4]. It has been explored 
across various fields, including drug delivery, tissue engineering, envi
ronmental applications, and cosmetics [5− 10]. Porous CaCO₃ is a 
promising platform for drug-delivery systems because it enables the 
effective control of drug loading and release rates [11,12]. Other 
representative inorganic carriers, such as silica, gold, and calcium 
phosphate, can also provide high biocompatibility [13− 17]. However, 
they have the limitations of low biodegradability, high cost, and possible 

accumulation in the body [18− 20]. In contrast, CaCO₃ is cost-effective 
and biodegradable at physiological pH, facilitating drug release 
through natural decomposition [20].

CaCO₃ consists of three crystalline phases: calcite, aragonite, and 
vaterite. It is difficult to control the dissolution rate of the calcite and 
aragonite phases owing to their high structural stability [21,22]. In 
contrast, the vaterite phase has a high surface area and porous structure, 
which improves drug-loading efficiency and cellular uptake [23,24]. 
However, the metastable vaterite phase tends to be converted into the 
thermodynamically more stable calcite phase under aqueous conditions 
[25,26]. In addition to the crystalline phase, the particle size of CaCO₃ 
plays an important role in drug delivery. CaCO₃ particles larger than 1 
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µm in cells have limited intracellular uptake and may be rapidly 
removed by macrophages. Therefore, nanoparticles smaller than 500 nm 
are considered more suitable for drug delivery, as their small size helps 
reduce side effects by facilitating intracellular uptake and rapid degra
dation [27]. Thus, it is critical to synthesize and maintain the CaCO₃ 
nanoparticles of the vaterite phase for application in drug delivery.

Several methods have been used to prepare CaCO₃ nanoparticles, 
such as emulsion, gas diffusion, and co-precipitation [28− 33]. The 
emulsion process enables the CaCO₃ to form uniform nanoparticles 
during reaction at the oil–water interface. The particle size and distri
bution are controlled via the addition of surfactants and emulsifiers 
[34]. The gas-diffusion method forms the CaCO₃ nanoparticles via the 
reaction of Ca2 + and CO3

2-, which is produced by the decomposition of 
ammonium carbonate. However, long reaction times, use of organic 
solvents, and high energy consumption make them less suitable for 
large-scale production of CaCO₃ [35]. In contrast, co-precipitation is the 
most widely used method because of its simplicity and scalability. 
Nevertheless, the high reaction rate of the aqueous-based co-precipita
tion process makes it difficult to control the particle size and 
morphology of CaCO₃. Typically, calcite CaCO₃ microparticles are 
formed, which are not suitable for drug delivery.

To overcome these limitations, many studies have focused on con
trolling the reaction parameters, such as the precursor concentration, 
reaction temperature, stirring speed, and additives [36− 39]. Persano 
et al. studied the effects of the precursor salt concentration and reaction 
temperature on the particle size of CaCO₃ during co-precipitation [37]. 
High salt concentrations led to rapid growth and aggregation, whereas 
moderate salt concentrations facilitated the formation of uniformly 
spherical nanoparticles. High reaction temperatures increased the 
nucleation frequency, resulting in smaller particles and easier formation 
of the vaterite phase [37,40]. In contrast, low temperatures promoted 
the formation of large calcite particles by accelerating crystal growth 
[26]. Yohta Mori et al. demonstrated that different stirring processes 
could determine the crystal phase and shape during the mixing of cal
cium chloride (CaCl2) and potassium carbonate (K2CO3) in an aqueous 
solution [41]. Yan et al. controlled the particle size and distribution by 
varying the stirring speed [42]. Daud et al. demonstrated that 
high-speed stirring using a multi-impeller system is effective for forming 
spherical vaterite nanoparticles [43]. Ethylene glycol and glycerol were 
added to increase the solution viscosity and reduce ion diffusion [44, 
45]. This slowed crystallization and promoted the formation of the 
vaterite phase. In addition, surfactants such as sodium dodecyl sulfate 
and Pluronic F127 have been added to ethanol–water mixtures, facili
tating control of the crystal phase and the formation of spherical, 
flower-like, and rod-like structures [46]. However, controlling nucle
ation and growth precisely and ensuring the long-term dispersion sta
bility of the particles cannot be fully achieved by adding viscosity 
modifiers or surfactants [47]. Thus, further investigation is required.

Studies have indicated that the solvent mixture affects the crystal 
phase and dispersibility of CaCO₃ particles [48− 50]. Zhang et al. 
delayed the nucleation rate via slow solvation of Ca²⁺ and CO₃²⁻ ions in 
an ethanol/water mixture, which tended to form the more stable 
vaterite phase [51]. Giulia et al. formed a vaterite phase using various 
alcohol and salt concentrations. These studies suggest that alcohol-based 
solvents can control vaterite-phase formation [52]. Nevertheless, there 
is a lack of effort to reduce the particle size and improve dispersibility. 
Further studies are needed to address these issues.

In this study, CaCO₃ nanoparticles of the stable vaterite phase were 
synthesized via co-precipitation. Various alcohols were used as solvents 
in water to control particle size and crystal phase. Based on the addition 
of alcohols, the effect of the reaction rate on particle formation was 
investigated. In addition, nonionic surfactants such as Span 80 and 
Tween 40 were added to the alcohol–water mixture to improve the 
dispersibility of the nanoparticles. This approach can simultaneously 
achieve nanoparticle size and improve the dispersity of CaCO₃. Previ
ously, Span 80 and Tween 40 were used only in emulsion methods. As 

the precipitation method is performed in water, its use in this approach 
has not yet been reported. Therefore, this is the first study to explore the 
use of Span 80 and Tween 40 in combination with alcohols for precip
itation synthesis. Furthermore, the biomedical potential of the synthe
sized porous CaCO₃ nanoparticles was evaluated using ovalbumin (OVA) 
as a model antigen. By providing high antigen-loading capacity, 
controlled release behavior, and efficient cellular interaction, the CaCO₃ 
nanoparticles function as an antigen delivery carrier with adjuvant-like 
effects, leading to enhanced immune responses without inducing sig
nificant cytotoxicity.

2. Experimental

2.1. Materials

Calcium chloride (CaCl₂), sodium carbonate (Na₂CO₃), OVA, Tween 
40 (Polyoxyethylene sorbitan monopalmitate), Span 80 (Sorbitan 
monooleate), and alcohol-based solvents, including methanol, ethanol, 
2-propanol, 1-butanol, and 1-pentanol, were obtained from Sigma- 
Aldrich (USA) and used without further purification. The BCA (Bicin
choninic Acid) protein assay kit (Pierce™, USA) was employed to 
determine the loading efficiency. The EZ-Cytox kit (DOGEN Bio, Korea) 
was used to assess cell cytotoxicity. The Mouse IL-2 ELISA kit (BD 
OptEIA™, USA) was used to evaluate the antigen-presentation 
efficiency.

2.2. Cell lines

DC2.4 and CD8OVA cell lines were purchased from the Korean Cell 
Line Bank (KCLB, Korea). The cells were cultured in Dulbecco's Modified 
Eagle Medium (D-Glucose 4.5 g/L, 25 mM HEPES) supplemented with 
10% fetal bovine serum (Gibco, USA), 100 U/mL penicillin, and 100 U/ 
mL streptomycin at 37 ◦C in a humidified incubator with 5% CO₂.

2.3. Preparation of porous CaCO3 nanoparticles

Porous CaCO3 nanoparticles were synthesized using a co- 
precipitation method (Figure S1). A 0.01 M CaCl₂ solution was pre
pared in 10 mL of distilled water and vortexed for 1 min at room tem
perature to ensure complete dissolution. Separately, surfactants (Tween 
40 and Span 80) at various ratios were mixed with alcohols, such as 
methanol, ethanol, propanol, butanol, and pentanol. The amounts of 
surfactants and alcohols were adjusted in the ranges of 50–200 µL and 
1–10 mL, respectively. The mixture was vortexed for 30 s to achieve 
homogeneous dispersion and then added to the 0.01 M CaCl₂ solution, 
followed by homogenization at 5000 rpm for 10 min. Subsequently, 
10 mL of a 0.01 M Na₂CO₃ solution was added, and the mixture was 
homogenized again at 5000 rpm for 10 min to promote the reaction 
between Ca2+ and CO3

2-. The optimization of the homogenization speed 
and molar ratio is shown in Figures S2 and S3, respectively. After the 
reaction, the suspension was centrifuged at 5000 rpm for 10 min to 
collect the CaCO3 precipitate. The precipitate was washed three times 
with ethanol to remove any residual impurities. The CaCO3 particles 
were finally obtained via drying in an oven at 70 ◦C for 12 h. The 
detailed synthesis conditions are presented in Table S1.

2.4. OVA adsorption onto CaCO3 nanoparticles

OVA was employed as a model antigen to demonstrate the superi
ority of the synthesized CaCO3 nanoparticles as drug-delivery agents. 
For the adsorption of OVA onto CaCO3 nanoparticles, an OVA solution 
was prepared at a concentration of 10 mg/mL, and 10 mg of CaCO₃ 
nanoparticles was added to 1 mL of the OVA solution. The mixture was 
vigorously stirred at room temperature for 12 h to allow sufficient 
adsorption of OVA onto the porous CaCO3 nanoparticles. After adsorp
tion, the OVA-CaCO3 mixture was centrifuged, and the supernatant was 
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collected. To completely recover residual OVA from the CaCO3 nano
particles, the precipitated nanoparticles were resuspended in phosphate- 
buffered saline (PBS) and washed again via centrifugation. The washing 
solutions were combined with the collected supernatants. The total 
amount of OVA in the combined solution was quantified via the BCA 
assay, which was used to determine the adsorption efficiency of OVA 
onto the CaCO₃ nanoparticles. All experiments were performed inde
pendently three times.

2.5. In vitro cytotoxicity evaluation of OVA@CaCO3 nanoparticles

The cytotoxicity of OVA@CaCO₃ (denoted as OVA-adsorbed CaCO3) 
nanoparticles was evaluated using the CCK-8 assay. Mouse-derived 
dendritic cell lines (DC2.4, 4 × 10⁴ cells/well) were seeded into 96- 
well plates and stabilized for 18 h at 37 ◦C in a humidified incubator 
with 5% CO₂. CaCO₃ nanoparticles were diluted to final concentrations 
of 4, 2, 1, 0.5, 0.25, 0.125, 0.063, and 0.031 mg/mL (based on OVA 
content), and the cells were treated with the nanoparticles for 2 h. After 
treatment, the nanoparticles were removed, and the cells were washed 
twice with PBS to eliminate residual formulations. Subsequently, 200 µL 
of 10% CCK-8 solution diluted by cell culture medium was added to each 
well, followed by incubation for 1 h at 37 ◦C with 5% CO₂. The plates 
were then centrifuged at 3500 rpm for 5 min, and the supernatants were 
collected. The absorbance was measured at 450 nm using a microplate 
spectrophotometer (Spectra Max ABS, USA).

2.6. Antigen-presentation efficiency of OVA@CaCO3 nanoparticles

To evaluate the antigen presentation of CaCO₃ nanoparticles, mouse- 
derived dendritic cells that had phagocytosed the nanoparticles were co- 
cultured with CD8OVA cells, and the amount of IL-2 secreted by 
CD8OVA cells was measured.

DC2.4 (4 × 10⁴ cells/well) were seeded into 96-well plates and sta
bilized for 18 h at 37 ◦C in a humidified incubator with 5% CO₂. CaCO₃ 
nanoparticles were diluted to final concentrations of 4, 2, 1, 0.5, 0.25, 
0.125, 0.063, and 0.031 mg/mL (based on OVA content) and incubated 
with DC2.4 cells for 2 h. After treatment, the nanoparticles were 
removed, and the cells were washed twice with PBS to eliminate residual 
formulations. CD8OVA cells (2 × 105 cells/well) were added and co- 
cultured with DC2.4 for 18 h under the same conditions. Culture su
pernatants were collected after centrifugation at 3500 rpm for 5 min, 
and IL-2 secretion from CD8OVA cells was quantified using an IL-2 
ELISA kit (BD Biosciences, USA).

2.7. Time-dependent OVA release of OVA@CaCO3 nanoparticles

To investigate the time-dependent release profile of OVA, CaCO₃ 
particles containing OVA at a 1:1 ratio (1 mg:1 mg) were tested under 
different pH (5.0 and 7.4) and temperature (4 and 25 ◦C) conditions. A 
45 mL sample was divided equally into two 22.5 mL conical tubes and 
centrifuged at 4000 rpm for 10 min to remove the supernatant. Each 
pellet was resuspended in 22.5 mL of PBS adjusted to pH 5.0 or 7.4. The 
resulting suspensions were then aliquoted into four 10 mL tubes to 
establish four experimental conditions: pH 5–4 ◦C, pH 5–25 ◦C, pH 7.4–4 
◦C, and pH 7.4–25 ◦C. The samples were gently mixed without vortexing 
to ensure homogeneous dispersion. From each tube, 500 μL samples 
were collected, transferred into microtubes, and centrifuged at 
15,000 rpm for 10 min. The supernatants were collected as Day 0 sam
ples and stored. This sampling procedure was repeated daily up to Day 7, 
after which the supernatants were analyzed using a BCA assay to 
quantify the released OVA.

2.8. Characterization

The morphology and elemental distribution of the CaCO3 particles 
were analyzed using a scanning electron microscope (SEM, COXEM- 

EM30N and Tescan VEGA-II LSU for high-resolution) and an energy 
dispersive X-ray spectroscope (EDS). The emulsions formed by the 
addition of butanol and pentanol to the CaCl2 aqueous solution were 
observed under an optical microscope (OM, Primovert, ZEISS). The size 
distribution of the synthesized CaCO3 particles was confirmed using 
dynamic light scattering (DLS, Malvern Zetasizer) and it was performed 
independently three times. For the DLS analysis, 1 mL of distilled water 
was mixed with 5 mg of particles in a cuvette to achieve uniform 
dispersion prior to measurement. The surface charges of the OVA, 
CaCO3, and OVA@CaCO3 particles were evaluated via zeta-potential 
analysis using the same DLS instrument. The chemical structures of 
OVA, CaCO3, and OVA@CaCO3 particles were investigated through 
Fourier transform infrared (FT-IR) spectroscopy in the attenuated total 
reflectance mode (SP8000, PerkinElmer) over the range of 4000–600 
cm⁻¹ . The thermal behavior of the CaCO3 and OVA@CaCO3 particles 
was examined via thermogravimetric analysis (TGA, SDT Q600). 
Approximately 25 mg of each sample was heated in a platinum crucible 
from room temperature to 800 ◦C at a rate of 10 ◦C/min under air flow. 
The weight loss was analyzed to confirm the adsorption of OVA onto the 
CaCO3 particles. The crystalline properties of the synthesized CaCO3 
were examined via X-ray diffraction (XRD) using a Rigaku D/Max- 
2200V diffractometer equipped with a Cu source and a graphite 
monochromator at 40 kV. XRD was used to distinguish between the 
vaterite and calcite phases. The porous structure of the CaCO3 particles 
was confirmed by nitrogen adsorption–desorption measurements using 
a Brunauer–Emmett–Teller (BET) surface area analyzer (Micromeritics 
ASAP 2460). In addition, the pore-size distribution was calculated from 
Barrett–Joyner–Halenda desorption data. The internal morphology and 
microstructure of the CaCO₃ particles were further examined using a Cs- 
corrected transmission electron microscope (TEM; JEM-ARM200F 
(NEOARM), JEOL) operated at 200 kV and equipped with a STEM-Cs 
corrector. The cytotoxicity of OVA@CaCO3 toward dendritic cells was 
assessed via Live/Dead assay using a fluorescent microscope (EVOS™ 
M5000 Imaging System, Invitrogen))

3. Results and discussion

3.1. Optimization of synthesis conditions for CaCO3 nanoparticles

3.1.1. Effect of alcohol type on formation of CaCO3 nanoparticles
Fig. 1 presents scanning electron microscopy (SEM) images of CaCO₃ 

particles synthesized in the presence of different alcohols. Fig. 1(a) 
shows pristine CaCO3 prepared without alcohol, and Figs. 1(b)–(f) show 
CaCO3 prepared with methanol, ethanol, propanol, butanol, and pen
tanol, respectively. CaCO₃ synthesized in aqueous solution typically 
forms the stable calcite phase, which has a hexagonal structure and is 
several micrometers in size [53]. In this study, a similar trend was 
observed, with hexagonal crystals of 3–5 μm (Fig. 1(a)). The high po
larity and strong ion dissociation in water supply sufficient Ca²⁺ and 
CO₃²⁻ ions, favoring crystal growth over nucleation. In contrast, 
alcohol-assisted synthesis led to the formation of spherical CaCO3 par
ticles with only a few cubic crystals. The particle size can be tuned by 
employing alcohols with different numbers of carbon atoms. CaCO3 
synthesized with methanol and ethanol exhibited particle sizes of 4 and 
3 μm, respectively, as indicated by the SEM images (Figs. 1(b) and (c)) 
and DLS results (Fig. 1(g)). In propanol and butanol, the particle sizes 
decreased significantly to 400 and 735 nm, respectively. The addition of 
propanol resulted in the formation of the smallest and most uniform 
nanoparticles. However, in the case of pentanol, the particle size 
increased to 3 μm, with a broad size distribution.

Methanol (C1), ethanol (C2), and propanol (C3) were miscible in 
water (Table S2). The addition of alcohol reduces the polarity of the 
aqueous solution, thereby limiting the availability of Ca²⁺ and CO₃²⁻ and 
suppressing particle growth [51]. However, relatively polar alcohols, 
such as methanol and ethanol, did not significantly reduce the polarity 
of the aqueous medium, indicating that ion diffusion was maintained at 

S.-Y. Kim et al.                                                                                                                                                                                                                                  Colloids and Surfaces B: Biointerfaces 263 (2026) 115592 

3 



high levels (Fig. 1(h) and Table S3). Although methanol exhibits a lower 
viscosity than water, its significantly lower dielectric constant limits ion 
dissociation. Consequently, although diffusion may proceed slightly 
faster, the overall reaction kinetics remain slightly slower than those in 
aqueous media. Therefore, in the presence of methanol and ethanol, 
crystal growth dominated nucleation, leading to the formation of large 
microparticles. Nevertheless, their size was smaller than that of the 
particles synthesized without alcohol. In contrast, propanol reduces the 
polarity of the aqueous solution to a greater extent than either methanol 
or ethanol. This decreases the diffusivity and activity of Ca²⁺ and CO₃²⁻ 
ions [54]. Indeed, FT-IR analysis and pH measurement results showed 

that the degree of ionization of ion species decreased with the addition 
of propanol (Figure S4 and Table S4). As a result, the effective super
saturation (S = [Ca²⁺] [CO₃²⁻]/Ksp) increases even at the same ion con
centration. According to classical nucleation theory, the nucleation 
barrier (ΔG*) is strongly dependent on supersaturation and decreases 
rapidly with increasing supersaturation (ΔG* ∝ (ln S)⁻²), thereby pro
moting nucleation, as detailed in the Supplementary materials (Eq. 2). In 
the presence of propanol, the dielectric constant of the reaction medium 
decreases, reducing the equilibrium solubility of Ca²⁺ and CO₃²⁻ ions and 
thereby increasing the effective supersaturation (S). As a result, the 
nucleation barrier is lowered, favoring the formation of numerous nuclei 

Fig. 1. Characterization of CaCO3 particles synthesized with various alcohols. (a-f) SEM images: (a) without alcohol, (b) methanol, (c) ethanol, (d) propanol, (e) 
butanol, and (f) pentanol. (g) Particle size distributions. (h) Diffusion coefficient and dielectric constant. (i) XRD patterns and (j) phase contents.
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[55]. At the same time, the reduced dielectric constant decreases ion 
diffusivity (Fig. 1h and Table S3), which limits diffusion-driven crystal 
growth. As a result, the system shifts to a nucleation-dominated process, 
yielding uniformly sized CaCO₃ nanoparticles.

Butanol (C4) and pentanol (C5) had relatively low solubility of 7.0 
and 2.7 g per 100 g water, respectively. In this study, 1 mL of alcohol 
was added to 10 mL of CaCl2 aqueous solution, resulting in the forma
tion of emulsions. Optical images of the solutions containing butanol 
and pentanol (Figure S5) show emulsions of ~1 and 1–3 μm, respec
tively. The emulsion interface between the alcohol and water has an 
intermediate polarity owing to the existence of OH groups and alkyl 
chains in the alcohol molecules, making it neither fully hydrophilic nor 
hydrophobic. Furthermore, the addition of low-solubility alcohols re
organizes the hydration structure, including the water density, molec
ular orientation, and hydrogen-bonding networks. At the emulsion 
interface, the relatively low dielectric environment temporarily con
centrates Ca²⁺ and CO₃²⁻ ions. Consequently, nucleation occurs prefer
entially at the interface rather than in the bulk solution. However, 
because the number of nuclei formed in the emulsion interface is 
limited, the existing nuclei undergo sufficient growth, leading to the 
formation of CaCO₃ microparticles despite the very low diffusion coef
ficient and dielectric constant (Fig. 1(f)). In the case of butanol, the 
number of emulsions formed in water is smaller than that formed in 
pentanol because of its higher solubility. Moreover, when 10 mL of a 
Na2CO3 aqueous solution was added to the butanol/CaCl2 mixture, the 
butanol emulsions disappeared as they dissolved in water, exceeding the 
solubility limit of butanol. Therefore, as shown in Fig. 1(e), CaCO3 
synthesized in the presence of butanol consisted of both nanoparticles 
and microparticles.

Overall, the addition of alcohols influenced the particle size and 
distribution of CaCO3 by (i) altering the solvent polarity and ion diffu
sivity, which modulated the supersaturation and nucleation rates, and 
(ii) forming emulsions in low-solubility alcohols that created localized 
supersaturation and diffusion-limited environments, shifting the nucle
ation–growth balance (Fig. 2).

Figs. 1.(i) and (j) shows the XRD patterns of CaCO₃ synthesized with 
different alcohols. Vaterite is structurally suitable for applications that 
require high porosity and biodegradability. However, because it readily 
transforms into the thermodynamically stable calcite phase, precise 
control during its synthesis is necessary [21]. The addition of methanol 
and ethanol during CaCO3 synthesis resulted in high calcite contents of 
89 and 81%, respectively. The high polarity of these solvents maintains 
ion solubility and mobility, which promotes the rapid crystal growth and 
stabilization of calcite. For propanol, the vaterite content rapidly 
increased to 82%, with a remarkable reduction in calcite. The lower 

polarity of propanol reduces the diffusivity of Ca²⁺ and CO₃²⁻, inducing 
supersaturation. This suppresses crystal growth and inhibits phase 
conversion to calcite during CaCO3 synthesis. Conversely, the addition 
of butanol and pentanol significantly reduced the vaterite content to 29 
and 22%, respectively. As shown in Figure S5, their low solubility led to 
emulsion formation, which caused localized supersaturation and 
diffusion-limited environments at the emulsion interface. This restric
tion on the number of nuclei and induced crystal growth led to trans
formation into the stable calcite phase.

3.1.2. Effect of propanol concentration on formation of CaCO3 
nanoparticles

Figs. 3(a-d) shows SEM images of the CaCO3 particles prepared with 
various amounts of propanol. When 0.5 mL of propanol was added 
(Fig. 3 (a)), hexagonal particles with sizes of 3–5 μm were observed, 
similar to those prepared without alcohol (Fig. 1(a)). This suggests that 
adding < 0.5 mL of propanol is ineffective for tuning CaCO3 particle 
morphology. In contrast, CaCO3 synthesized using 1 mL of propanol 
exhibited uniform spherical nanoparticles. An appropriate amount of 
propanol reduced the polarity of the solution, thereby reducing ion 
dissociation and the concentration of free ions [56]. In this study, 
reduced ion dissociation delayed ionic bonding between Ca2+ and CO3

2-, 
which promoted nucleation over crystal growth. As a result, spherical 
nanoparticles were selectively formed via a kinetically favorable 
pathway. With larger amounts of propanol (5 and 10 mL), the particle 
size increased. When an excessive amount of propanol was added, the 
polarity of the solution was severely reduced, restricting ion mobility 
and bonding reactions. Consequently, crystal growth became dominant, 
leading to the formation of nonuniform CaCO3 particles. Furthermore, 
as shown in Table S5, the reaction yield decreased with an increasing 
propanol concentration. This indicated that the interaction between Ca²⁺ 
and CO₃²⁻ ions was hindered.

Fig. 3(e) shows the particle-size distribution of CaCO₃ prepared with 
different amounts of propanol. The average size of the particles syn
thesized with propanol (0.5 mL) decreased slightly compared to that of 
the original CaCO3. The addition of 1 mL of propanol significantly 
reduced the average particle size to ~400 nm, accompanied by a narrow 
size distribution. This result was consistent with the SEM image shown 
in Fig. 3(b). When 5 mL of propanol was added, two distinct particle 
populations appeared around 400 nm and 1 μm. As mentioned previ
ously, higher propanol concentrations gradually suppress nucleation 
while favoring crystal growth. Therefore, both nucleation and growth 
are competitively influenced by these conditions, leading to the coex
istence of CaCO3 nano- and microparticles. With 10 mL of propanol, 
crystal growth dominated over nucleation, resulting in larger particles of 

Fig. 2. Illustration of the CaCO3 synthesis mechanism depending on the type of alcohol.
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~1 μm and a broader size distribution.
Figs. 3(f) and (g) present the XRD patterns and phase contents of 

CaCO₃ synthesized with different amounts of propanol. With 0.5 mL of 
propanol, the fraction of the vaterite phase increased by approximately 
10%, although calcite remained the dominant phase. The addition of 1 
mL of propanol significantly increased the vaterite content. This corre
sponded to the formation of small spherical nanoparticles, as indicated 
by the SEM and DLS results in Figs. 3(a-e). This behavior is attributed to 
the rapid termination of nucleation and growth caused by the balanced 
ion dissociation, as discussed above. When the propanol content was 
increased to 5 mL, the vaterite phase remained dominant despite slight 
particle growth (Fig. 3(c)).

However, for CaCO3 prepared with 10 mL of propanol, the calcite 
content increased again. In this case, the particle size increased, and the 
size distribution broadened (Figs. 3(d) and 3(e)). Although the polarity 
was further reduced at high propanol concentrations (10 mL), the calcite 
fraction increased. This behavior is attributed to changes in the micro
structure of the reaction solution, leading to the formation of an 
emulsion-like microenvironment in the aqueous phase [57]. Such a 
heterogeneous environment generates local concentration gradients, 
where crystal growth and recrystallization become more dominant than 
nucleation. Consequently, excessive polarity reduction promotes the 
transformation of metastable vaterite into thermodynamically stable 
calcite.

Based on the combined analysis of particle morphology, size distri
bution, and phase composition, the addition of 1 mL of propanol was 
identified as the optimal condition for synthesizing uniform CaCO₃ 
nanoparticles with a predominant vaterite phase.

3.1.3. Effect of surfactant ratio on formation of CaCO3 nanoparticles
Figs. 4(a-f) shows SEM images and DLS results of CaCO₃ nano

particles prepared with different Span 80:Tween 40 ratios. Most studies 
on the synthesis of CaCO₃ nanoparticles via the emulsion method with 
surfactants have focused on controlling particle size and morphology 
through interfacial stabilization [58,59], whereas the co-precipitation 
method with surfactants has been rarely reported, owing to the lack of 
a distinct water–solvent interface. In this study, CaCO3 nanoparticles 
were synthesized using hydrophilic and hydrophobic surfactants during 
a co-precipitation process, in which the addition of alcohol controlled 

the reaction rate.
Figs. 4(a) and (b) present SEM images of CaCO3 prepared with Span 

80 and Tween 40, respectively, both showing irregularly aggregated 
particles. In addition, the DLS results in Fig. 4(f) indicate broad size 
distributions ranging from a few micrometers to several hundred mi
crometers. As shown in Figure S6, the hydrophobic Span 80, which 
consists of sorbitan rings and long hydrocarbon chains, can inhibit 
crystal growth via adsorption onto the particle surface. Nevertheless, 
this reduces the surface stability and enhances interparticle attraction, 
leading to aggregation. Tween 40 can efficiently disperse Ca²⁺ and CO₃²⁻ 
ions through its polyethylene glycol chains, resulting in the formation of 
numerous small nuclei. However, surface interactions such as hydrogen 
bonding and van der Waals forces cause particle aggregation. Conse
quently, when either surfactant is used, aggregated particles are formed.

CaCO3 synthesized with 2:8 and 8:2 Tween 40 mixtures exhibited 
smaller and more uniform nanoparticles, respectively, as shown in 
Figs. 4(c) and (d). The combination of Span 80 and Tween 40 facilitated 
nucleation while suppressing further growth. The coexistence of hy
drophilic and hydrophobic chains on the particle surfaces inhibited 
aggregation by providing steric hindrance and enhancing electrostatic 
repulsion. Nevertheless, partially aggregated particles were observed in 
the SEM images, and the size distribution in the DLS results was similar 
to that of the particles synthesized without surfactants.

Fig. 4(e) is SEM image of CaCO3 nanoparticles synthesized at 5:5 
ratio of Span 80:Tween 40 surfactants. The smallest particle size of 
approximately 300 nm was observed with a narrow distribution in the 
SEM image and DLS results. The formation of smaller and more uniform 
CaCO₃ nanoparticles is primarily associated with the reduced ionization 
of ion species (Figure S4 and Table S4) and the optimized hydro
phile–lipophile balance (HLB) achieved by the mixed Span 80/Tween 40 
system (Table S6), respectively. The optimized HLB value provides 
effective steric stabilization and enhanced electrostatic repulsion, 
thereby suppressing particle aggregation. Therefore, the complementary 
effect of the Span 80 and Tween 40 surfactants on the nanoparticle 
surfaces enabled the production of the smallest and most uniform CaCO3 
nanoparticles by achieving balanced control of nucleation and growth. 
Meanwhile, the optimal particle size and distribution were obtained 
with a surfactant amount of 100 μL (Figure S7). Thus, the combination 
of Span 80 and Tween 40 served as a key factor in balancing nucleation, 

Fig. 3. Characterization of CaCO3 particles synthesized with various propanol concentrations. (a-d) SEM images: (a) 0.5, (b) 1, (c) 5, and (d) 10 mL. (e) Particle size 
distributions. (f) XRD patterns and (g) phase contents.
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growth, and aggregation, providing the most favorable outcome at a 5:5 
ratio (Fig. 5).

Figs. 4.(g) and (h) show the XRD patterns and phase contents of 
CaCO3 according to the Span 80:Tween 40 ratio. At a high ratio of 
Tween 40 (Span 80:Tween 40 = 2:8), the vaterite phase increased 
significantly to 91%. This is attributed to the hydrophilic polyoxy
ethylene chains of Tween 40, which promote uniform ion dispersion and 
rapid nucleation. In addition, the hydrophobic chains of Span 80 sup
pressed further growth via adsorption onto the particle surface. At a 5:5 
ratio, the highest vaterite content of 93% was achieved among all con
ditions, which was 11% higher than that of CaCO3 synthesized without 
surfactants. A higher ratio of Span 80 (Span 80:Tween 40 = 8:2) reduced 
the vaterite content to 66%. Under these conditions, insufficient hy
drophilic interactions in the aqueous phase hindered both nucleation 
and growth, leading to the formation of a calcite phase. Overall, con
trolling the Span 80:Tween 40 ratio influenced not only the particle size 
and distribution but also the crystalline phase. These findings were 
consistent with the SEM, DLS, and XRD results (Fig. 4). Thus, the com
bination of Span 80 and Tween 40 in a 5:5 ratio produced the highest 
vaterite content and the smallest and most uniform CaCO3 
nanoparticles.

3.2. Characterization and OVA adsorption behavior of CaCO3 
nanoparticles

The OVA adsorption efficiency of three different CaCO₃ particles was 

evaluated: (i) pristine CaCO3, (ii) CaCO3 synthesized with 1 mL of 
propanol, and (iii) CaCO3 prepared with both 1 mL of propanol and 
100 μL of a Span 80:Tween 40 mixture (5:5), as shown in Fig. 6(a). OVA 
adsorption was performed for 12 h, during which the adsorption effi
ciency reached saturation, as shown in Figure S8. The CaCO3 nano
particles maintained their size, crystal structure, and morphology even 
after prolonged exposure to an aqueous environment during OVA 
adsorption (Figure S9) and storage for a week in PBS (Figure S10).

The pristine CaCO₃ synthesized in an aqueous medium without ad
ditives predominantly consisted of large calcite particles with sizes of 
3–5 μm (Figs. 1(a), (g), (i), and (j)) and exhibited a low adsorption ef
ficiency of 29.4%. The CaCO₃ synthesized with propanol formed vaterite 
nanoparticles with diameters of 400 nm (Figs. 3(b), (e), (f), and (g)), and 
its adsorption efficiency markedly increased to 82.6%. The CaCO₃ pre
pared with both surfactant and propanol produced the smallest and most 
uniform vaterite nanoparticles (Figs. 4(e), (g), and (h)), resulting in the 
highest adsorption efficiency of 99.1%.

This trend clearly indicates that the particle size and crystal phase 
significantly affect OVA adsorption efficiency. Smaller, more uniform 
vaterite nanoparticles exhibited larger specific surface areas and more 
accessible adsorption sites [60]. Further characterization of CaCO3 and 
OVA@CaCO3 was performed using nanoparticles prepared with 1 mL of 
propanol and 100 μL of a surfactant mixture (Span 80:Tween 40 = 5:5), 
which were denoted as CaCO₃_P1_ST55 (P1: 1 mL propanol; ST55: Span 
80/Tween 40 = 5:5).

Fig. 6. (a) OVA adsorption efficiencies (n = 3) of (i) pristine CaCO3, 

Fig. 4. Characterization of CaCO3 particles synthesized with different surfactant ratios (Span 80:Tween 40). (a-e) SEM images): (a) Span 80 only, (b) Tween 40 only, 
(c) 2:8, (d) 8:2, and (e) 5:5. (f) Particle size distributions. (g) XRD patterns and (h) phase contents.
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(ii) CaCO3 synthesized with 1 mL of propanol, and (iii) CaCO3 prepared 
with both 1 mL of propanol and 100 μL of a Span 80:Tween 40 mixture 
(5:5) (CaCO₃_P1_ST55). (b-e) Characterization of CaCO₃_P1_ST55 
nanoparticles: (b) SEM image, (c) TEM image, (d) EDS elemental map
ping, and (e) N2 adsorption–desorption isotherm. (f–h) Characterization 
of OVA, pristine CaCO3, and OVA@CaCO3 nanoparticles: (f) FT-IR 
spectra, (g) zeta potential (n = 3), and (h) TGA curve.

Figs. 6(b) and (c) present high-resolution SEM and TEM images of 
CaCO₃_P1_ST55 nanoparticles. The nanoparticles had a spherical and 
porous structure with a diameter of 300 nm. The TEM images reveal a 
highly porous structure composed of numerous nanocrystalline do
mains, which is consistent with the typical structural features of vaterite 
CaCO₃ [60]. This porous structure provided a large surface area and 
internal voids, making it advantageous for drug loading and controlled 
drug release. Fig. 6(d) shows the SEM image and corresponding EDS 
elemental mapping of the CaCO₃ nanoparticles. The EDS maps reveal a 
homogeneous spatial distribution of C (blue, the large amount of blue 
color in the blank area is due to carbon tape), O (green), and Ca (yellow) 
across the entire particle, indicating the uniform chemical composition 
of the CaCO₃ nanoparticles without noticeable composition differences.

Fig. 6(e) shows the nitrogen adsorption–desorption isotherm and 
pore size of the CaCO3 nanoparticles. In general, CaCO3 prepared via the 
emulsion method exhibits a BET surface area of 20–57 m²/g, whereas 
that synthesized via the co-precipitation method exhibits a BET surface 
area of ~10 m²/g [61,62]. In this study, CaCO3 nanoparticles synthe
sized via co-precipitation with alcohol and surfactants exhibited a far 
higher BET surface area of 89.3 m²/g, attributed to the formation of 
highly porous nanoparticles. The adsorption–desorption isotherm dis
played a typical type IV curve according to IUPAC classification, with a 
distinct hysteresis loop observed at relative pressures (P/P₀) of approx
imately 0.8–1.0. The average pore size was 26.8 nm, indicating a mes
oporous structure.

Fig. 6(f) presents the FT-IR spectra of OVA, CaCO3 nanoparticles, and 
OVA@CaCO₃. The OVA spectrum exhibited peaks at 3300 and 1750 
cm⁻¹ , corresponding to -NH/-OH groups and C––O stretching in peptide 

bonds, respectively. The CaCO3 spectrum exhibited a strong band at 
1400–1500 cm⁻¹ , attributed to the asymmetric stretching of CO₃²⁻ ions. 
Peaks at 870 and 745 cm⁻¹ were assigned to out-of-plane and in-plane 
bending modes, respectively, representing the vaterite fingerprint re
gion, while the calcite-specific peak at 713 cm⁻¹ appeared weak. For 
OVA@CaCO₃, the vaterite peaks remained strong. In addition, OVA 
peaks at 3300 cm⁻¹ (–NH and –OH) and 1750 cm⁻¹ (C––O) newly 
appeared along with an amide II band at 1540–1650 cm⁻¹ (–NH bending 
and C–N stretching). These results indicated that OVA was stably 
adsorbed on the surface of the CaCO3 nanoparticles while preserving the 
vaterite phase.

Fig. 6(g) shows the zeta potential of the synthesized CaCO3 nano
particles, which exhibited a positive surface potential of + 20.56 mV. 
This positive charge is commonly observed for CaCO3 owing to the high 
hydration stability of Ca²⁺ ions [63]. After OVA adsorption, the zeta 
potential shifted to a negative value of –5.08 mV. This change indicated 
that the negatively charged OVA was uniformly adsorbed and exposed 
on the surface of the CaCO3 nanoparticles (Figure S11), which was 
consistent with the FT-IR results (Fig. 6(f)).

Fig. 6(h) presents the thermal decomposition behavior of CaCO₃ and 
OVA@CaCO₃ determined via TGA. CaCO3 exhibited major weight loss 
above 800 ◦C, corresponding to its decomposition into CaO and CO₂ 
[21]. In contrast, OVA@CaCO3 exhibited an additional weight loss be
tween 200 and 400 ◦C. Approximately 15% of the weight loss was 
attributed to OVA degradation, confirming the high adsorption capacity 
of OVA on the synthesized porous CaCO3 nanoparticles.

3.3. In vitro cytotoxicity and antigen presentation of OVA@CaCO3 
nanoparticles

Biocompatibility is a critical factor in the utilization of nanoparticles 
as antigen delivery vehicles. Therefore, the cytotoxicity of the nano
particles was evaluated.

The cytotoxicity of CaCO₃_P1_ST55 was assessed at various OVA 
concentrations using the CCK-8 assay, as shown in Fig. 7(a). The cell 

Fig. 5. Schematic of the CaCO3 synthesis mechanism with different additives (alcohols and surfactants).
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viability in the range of 4–2 mg/mL was determined to be 70–80%, 
whereas concentrations of ≥ 1 mg/mL exhibited cell viabilities 
exceeding 90%. OVA itself is widely recognized as a non-cytotoxic 
model antigen, and previous studies have consistently demonstrated 
that OVA does not induce measurable cytotoxicity in commonly used 
immune or epithelial cell lines within typical experimental concentra
tion ranges [64,65]

Fig. 7(b) presents the evaluation of the antigen-presentation capa
bility through dendritic cells based on the analysis of interleukin-2 (IL- 
2)—a marker of T-cell activation. Antigen cross-presentation refers to 
the process whereby exogenous antigens phagocytosed by dendritic cells 
are presented via MHC class I molecules, leading to the activation of 
CD8 + T cells that recognize the presented antigen and subsequently 
secrete cytokines, such as IL-2. Therefore, high IL-2 secretion by 
CD8 + T cells indicates a larger number of phagocytosed antigens. In 
this study, the antigen-presentation ability of nanoparticles in dendritic 
cells was evaluated by measuring IL-2 secreted by CD8 + OVA-specific T 
cells.

IL-2 secretion reached its maximum level at an OVA concentration of 
1 mg/mL (~2200 pg/mL) and then decreased in a concentration- 
dependent manner. At concentrations of 4 and 2 mg/mL, IL-2 secre
tion was lower than that at 1 mg/mL. This result was consistent with the 
cytotoxicity observations. Some dendritic cells exposed to higher 
nanoparticle concentrations experienced cytotoxicity and cell death, 
leading to reduced phagocytosis compared with the 1-mg/mL concen
tration (Figure S12).

Notably, the CaCO₃ nanoparticles enhanced antigen uptake and 
subsequent presentation without inducing significant cytotoxicity, 
thereby exhibiting an adjuvant-like effect mediated by improved anti
gen delivery rather than direct immunostimulation. Accordingly, cyto
toxicity evaluation was conducted using dendritic cells instead of cancer 
or epithelial cell lines, as dendritic cells represent the most relevant 
model for assessing the safety and functionality of vaccine-oriented 
antigen delivery systems.

Overall, treatment of dendritic cells with CaCO₃ nanoparticles at 
concentrations of ≤ 1 mg/mL resulted in negligible cytotoxicity while 

Fig. 6. (a) OVA adsorption efficiencies (n = 3) of (i) pristine CaCO3, (ii) CaCO3 synthesized with 1 mL of propanol, and (iii) CaCO3 prepared with both 1 mL of 
propanol and 100 μL of a Span 80:Tween 40 mixture (5:5) (CaCO₃_P1_ST55). (b-e) Characterization of CaCO₃_P1_ST55 nanoparticles: (b) SEM image, (c) TEM image, 
(d) EDS elemental mapping, and (e) N2 adsorption–desorption isotherm. (f–h) Characterization of OVA, pristine CaCO3, and OVA@CaCO3 nanoparticles: (f) FT-IR 
spectra, (g) zeta potential (n = 3), and (h) TGA curve.

S.-Y. Kim et al.                                                                                                                                                                                                                                  Colloids and Surfaces B: Biointerfaces 263 (2026) 115592 

9 



maintaining excellent antigen-presentation capability. These results 
demonstrate the biocompatibility of the nanoparticles and their effec
tiveness in antigen loading and presentation, highlighting the advan
tages of CaCO₃-based nanoparticle systems for vaccine-oriented 
applications.

Figs. 7(c) and (d) present the time-dependent OVA release behavior 
from OVA@CaCO₃ nanoparticles under different pH (5.0 and 7.4) and 
temperature (4 and 25 ◦C) conditions. Across all tested conditions, no 
substantial release of OVA was observed over the 7-day period. A slight 
release was detected only on day 1, and this trend was consistently 
reproduced in three independent experiments. After the initial time 
point, the released OVA level remained close to zero, indicating negli
gible further release. This minimal and transient release suggests that a 
small fraction of weakly bound or surface-associated OVA may be 
released during the initial equilibration stage at the condition (4℃ and 
pH 5), whereas the majority of OVA remains strongly retained within the 
CaCO₃ carrier. This result suggests that OVA remained strongly bound to 
the CaCO₃ carrier due to the high adsorption affinity between the two 
materials. Consistent with this observation, zeta potential measurements 
(Fig. 6(g)) revealed that OVA alone exhibited a value of –25.87 mV, 
CaCO₃ showed + 20.56 mV, and the OVA@CaCO₃ complex presented 
–5.08 mV, confirming strong electrostatic interactions between them. 
Such strong binding implies that the CaCO₃-based material developed in 
this study provides stable antigen retention and effective antigen pre
sentation, demonstrating its potential as a robust vaccine adjuvant.

4. Conclusions

In this study, porous vaterite CaCO₃ nanoparticles were successfully 
synthesized via an alcohol–surfactant-assisted co-precipitation method. 
The combined use of alcohols and nonionic surfactants enabled precise 
control over ion diffusion, nucleation, and crystal growth, leading to 
uniform vaterite nanoparticles with an average size of ~300 nm and 
high specific surface area. Systematic investigation revealed that solvent 
polarity, viscosity, and surfactant HLB balance play critical roles in 
stabilizing the metastable vaterite phase and suppressing particle 
aggregation.

The optimized CaCO₃ nanoparticles exhibited excellent OVA 

adsorption efficiency (>99%) and pH/temperature-responsive release 
behavior. In vitro evaluations using dendritic cells demonstrated high 
biocompatibility and enhanced antigen-presentation capability, indi
cating an adjuvant-like effect mediated by improved antigen delivery. 
Overall, this work presents a simple and scalable strategy for engi
neering stable, porous vaterite CaCO₃ nanoparticles, highlighting their 
potential as versatile carriers for antigen delivery and other biomedical 
applications.
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