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ABSTRACT

Calcium carbonate (CaCO3) nanoparticles have diverse applications in biomedicine, 

including ultrasound imaging, biosensing, drug delivery and theranostics. One of its 

crystal polymorphs, vaterite, exhibits many unique features, such as its high solubility, 

porosity and spherical shape, which make it suitable for drug delivery; however, the 

instability of this polymorph makes the large-scale fabrication of these particles 

challenging. In this work, we utilized a fast precipitation technique to fabricate CaCO3 

hybrid particles, with biocompatible polymeric additives bovine serum albumin (BSA) 

and polydopamine (PDA), a polymer with unique optical properties. Results showed 

that BSA and PDA can be used together to produce hybrid particles with variable sizes 
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and polymorph compositions, depending on the reaction or mixing time applied. We 

also demonstrated that, by controlling other fabrication process parameters, including 

the PDA polymerization time, addition order of the salts, and the pairing of the salts 

with the polymer additives, we could tune the physicochemical properties of the 

resulting CaCO3 hybrid particles. These findings are important in designing hybrid 

particle systems with tailored properties for specific applications, including contrast-

enhanced ultrasound and photoacoustic imaging, drug delivery, photothermal therapy, 

and cancer theranostics.

.

Introduction
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Calcium carbonate (CaCO3) is one of the most commonly occurring compounds on 

the Earth’s crust. This inorganic compound exhibits ideal properties for drug delivery, 

such as its biocompatibility,1 pH responsive nature,2 porosity, and high encapsulation 

efficiency.3 CaCO3 particles can be highly porous, allowing them to efficiently 

encapsulate therapeutics, and  can generate carbon dioxide (CO2) bubbles in an acidic 

environment, such as in tumor cells, where the microenvironment pH is approximately 

5.5.4 These properties make CaCO3 particles ideal agents for contrast-enhanced 

ultrasound imaging and the simultaneous release of therapeutics to tumor sites.5  

CaCO3 has three anhydrous crystal polymorphs – vaterite, calcite and aragonite – that 

arise from amorphous CaCO3 (ACC).6-8 These polymorphs have varying properties in 

terms of their solubility, thermodynamic stability, shape and mean crystal size.9 

Amongst these three polymorphs, vaterite has the highest solubility, dispersion and 

specific surface area.10 However, despite these appealing features of vaterite, it has 

the lowest thermodynamic stability compared to the other two, whereas calcite is the 

most stable.10 Although calcite is the most thermodynamically stable polymorph, the 

stability of the polymorphs largely depends on the presence and properties of additives 

and their solubility in solution.11
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5

Previous research works suggest the application of a versatile, biocompatible polymer, 

polydopamine (PDA), for controlling the growth of vaterite particles.8, 12 PDA deposits onto 

virtually any type and shape of surface via the oxidative self-polymerization of dopamine at 

slightly basic pH.13 It became one of the most powerful tools for surface modification14 and 

functionalization to develop materials with broad applications in a range of different fields, 

including biomedical science, energy generation and water treatment.15 In particular, PDA has 

been shown to possess an adhesive property, allowing it to influence cell division16 and reduce 

the toxicity of encapsulated materials.17 When applied as coating for particles and surfaces, 

PDA can suppress the interactions of the coated materials with their surroundings. Moreover, 

PDA is a major pigment of eumelanin, a compound which has a broad absorption ranging from 

the visible region to the ultraviolet region in the electromagnetic spectrum18 in which most of 

the absorbed photon energy is converted to non-radiative heat.19 Such optical property of PDA 

enables it to have wide biomedical applications, including photoacoustic imaging, a technique 

that utilizes materials that have the ability to generate acoustic waves by absorbing 

electromagnetic energy.20 In addition to imaging, PDA has applications in cancer treatment 

using photothermal therapy.21-22 This is a minimally invasive technique that uses heat, 

converted from photon energy, to destroy cancerous cells23. Furthermore, several studies have 

shown that addition of biomacromolecules as additives, such as bovine serum albumin (BSA), 

in the synthesis of CaCO3 crystals favors the formation of vaterite over the stable polymorph, 

calcite.24-26

To the best of our knowledge, the precise control of the vaterite polymorph of CaCO3 into 

a sub-micron-sized particle together with PDA and BSA has not been investigated. Herein, we 

employ a fast precipitation method with solutions containing CaCl2 and Na2CO3 and study the 

influence of various fabrication process parameters (stirring time, polymerization time, 
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6

addition order, and salt-polymer pairing) on formation of the CaCO3 hybrid nanoparticles, 

containing PDA and BSA. 

Experiment details

Materials 

Calcium chloride dihydrate (CaCl2·2H2O, ≥ 99.0%, Merck), sodium carbonate 

monohydrate (Na2CO3·H2O, ≥ 99.5%, Sigma-Aldrich), bovine serum albumin (BSA, ≥ 

96%, Sigma-Aldrich), dopamine hydrochloride (C8H11NO7 HCl, Sigma-Aldrich), and 

tris(hydroxymethyl)-aminomethane hydrochloride (TRIS HCl, ultrapure, VWR Life 

Science).

Synthesis of hybrid nanoparticles

Hybrid particles were fabricated using a combination of methods, based on the 

reports of Mallampati and Valiyaveettil,27  and Kim and Park.8 Solutions of CaCl2.2H2O 
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and Na2CO3.H2O with concentrations of 33.0 mmol L-1 were prepared using 10.0 mmol L-1 

Tris buffer solution (pH 8.5) as the solvent. Dopamine hydrochloride (DA) and BSA were 

added to these solutions, depending on the salt-biopolymer pairing shown in Table 1, to achieve 

concentrations of 4.0 and 9.0 mg mL-1, respectively, which are based on previous optimizations 

(Figure S1, Supporting Information). The solution, containing DA, was magnetically stirred to 

initiate polymerization of the monomer into PDA. The two solutions were then combined and 

magnetically stirred at room temperature to produce the CaCO3 hybrid particles, as a grey-

brown to black dispersion. Polymer-salt pairings, addition order, dopamine polymerization 

times, and CaCO3 stirring times used in all of the experiments are summarized in Table 1. The 

dispersion was concentrated by centrifugation at 3 400 ×g for one minute and washed 

sequentially with water, ethanol and acetone, prior to drying. The resulting grey 

powder was stored at 4 °C until further use.

Table 1. Experimental conditions for the fabrication of PDA/BSA/CaCO3 hybrid 

particles.

Experime
nt 
code/nam
e

Dopamine 
polymerization 
time (min)*

Stirring 
time (min)

Polymer-salt pairing
Sequence 
of 
addition**
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8

Control 10 3 Only CaCl2 and NaCO3 I

BSA only 10 3 BSA/CaCl2 and NaCO3 I

PDA only 10 3 CaCl2 and PDA/NaCO3 I

Method A 10 2, 3, 4, 10
BSA/CaCl2 and 
PDA/Na2CO3

I

Method B 10 2, 3, 4, 10
BSA/CaCl2 and 
PDA/Na2CO3

II

Method C 10 2, 3, 4, 10
BSA/NaCO3 and 
PDA/CaCl2

I

Method D
10, 30, 60, 90, 
120

3, 4
BSA/CaCl2 and 
PDA/Na2CO3

I

*Dopamine polymerization time refers to the mixing of DA, prior to the combination 
of salts. During the combination (stirring time) of salts, DA continues to polymerize.

**I - Na2CO3 solution added into the CaCl2 solution; II - CaCl2 solution added into 
the Na2CO3 solution. 

Characterization 

Hydrodynamic diameters and zeta potentials of the particles were determined using 

dynamic light scattering (DLS) and phase analysis light scattering (PALS), 

respectively, using a Brookhaven NanoBrook Omni particle sizer and zeta potential 

analyzer. CaCO3 polymorphs present in the particles were identified using their X-ray 

diffractograms, obtained with a Bruker D8 Advance Eco X-ray powder diffractometer. 
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Particle size and morphology of PDA/BSA/CaCO3 hybrid particles were studied using 

transmission electron microscopy (FEI Tecnai T20 TEM). Samples were prepared by 

drop casting 3.0 μL dispersions of the particles onto holey carbon film-coated, 300 

mesh copper grids (EM Solutions), which were then air-dried prior to imaging.

Results and Discussion 

Effect of additives

The synthesis of CaCO3 crystals generally follows one of two methods: the slow CO2 

diffusion method and the fast precipitation method that occurs between dissolved 

solutions containing Ca2+ ions and CO32- ions.28 In the latter method, CaCO3 is 

produced instantaneously, which poses as a more time favorable technique and 

therefore more relevant for large-scale productions; however, size control can be very 

difficult to achieve using this method. Reports in literature suggest that the use of 

polymer additives can be used to address this problem, as these molecules can 

establish some interactions with the particles or their precursors, which can control or 

influence and stabilize their size and crystalline phases.8, 11, 29-30 In this work, we 

explored the use of both PDA and BSA in fabricating CaCO3 hybrid particles. Figure 

1A shows the schematic representation of the fast precipitation method employed.
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TEM images in Figures 1B-1E show the morphologies and polymorphs of the CaCO3 

particles produced using the first four methods in Table 1. In the absence of additives 

(control experiment), the particles produced were a mixture of vaterite and calcite 

microparticles. Production of porous vaterite microparticles has been reported in a 

previous work that employed a similar precipitation method with the same salt 

concentration.31  For biomedical applications, a porous, sub-micron delivery vehicle, 

in which active materials such as drugs can be loaded, is ideal; hence, we aimed to 

control the size, polymorph and morphology of the particles. Upon incorporation of 

BSA as a stabilizer/additive, sub-micron particles composed of purely vaterite were 

obtained. In addition to size and polymorph control, we also aimed to confer optical 

properties to the drug delivery system using PDA to create an interesting design of 

hybrid particles with multiple capabilities. Similar with using BSA only as the 

stabilizer/additive, the reaction mixture with PDA yielded only the vaterite polymorph. 

These results indicate the stabilizing effect that BSA and PDA individually have on 

vaterite, preventing it from transitioning to the calcite phase. However, highly 

polydispersed particles were obtained when PDA was used as the additive, compared 

when BSA was utilized as the polymer additive. Interestingly, when both additives 
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were utilized in the fabrication of the hybrid particles, particles with a narrow size 

distribution (PDI = 0.253) with a mean diameter around 572 nm, comprised of both 

vaterite and calcite, were obtained. The presence of BSA in the hybrid particles was 

confirmed by SDS-PAGE in Figure S2 (Supporting Information), while the presence of 

PDA was confirmed by multiple methods including Fourier transform infrared (FTIR) 

and UV-visible absorption spectroscopy, and TEM, shown in Figures S3-S5 and Table 

S1 (Supporting Information).

Figure 1. A schematic representation of the experimental method for fabricating 

PDA/BSA/CaCO3 hybrid particles (A). The polymer-salt pairings and addition order 

shown is for method A and were varied in other parts of the experiment (See details 
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in Table 1). TEM images of CaCO3 particles obtained in the (B) control experiment, 

with (C) BSA only as additive, (D) PDA only as additive, and (E) method A, with stirring 

time = 3 minutes. Scale bar = 500 nm.

Vaterite is the most soluble and unstable polymorph of CaCO3 and in the absence 

of additives, vaterite dissolves easily and recrystallize to form calcite. It has been 

reported previously32-33 that the catechol groups of the dopamine molecules can 

interact with Ca2+ and, therefore, slow down the interaction between Ca2+ and CO32-, 

resulting in a more controlled growth of the vaterite particles and suppressing it from 

transitioning into calcite. Similarly, the amide and carboxyl groups present in BSA26, 34 

can also interact with Ca2+ and produce a similar effect; however, the presence of both 

additives BSA and PDA gave rise to a mixture of calcite and vaterite particles. This 

observation suggests that the biopolymers might be interacting with each other – the 

hydroxyl and amino groups of dopamine (and PDA) and the polar functionalities of 

BSA (hydroxyl, amino, amide and carboxyl groups) can form strong hydrogen bonding 

interactions. These attractive forces between the biopolymers may diminish the 
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capabilities of the molecules to coordinate effectively with Ca2+ and lead to a less 

controlled particle formation.

Effect of stirring time and sequence of addition

Using the experimental parameters of method A as a starting point, we investigated 

and compared the influence of stirring time and addition mode or sequence addition 

of components (method B) on the properties of the hybrid particles obtained. Herein, 

the stirring time refers to the time in which the CaCl2 and Na2CO3 solutions are mixed, 

in addition to the stirring time for the polymerization of DA into PDA.

Based on DLS and PALS analyses, TEM imaging, and powder X-ray diffractometry 

(Figure 2), method A initially produced a mixture of vaterite and calcite particles and 

aggregates, which generally decreased in size and in magnitude of zeta potential over 

time. This observed decrease in size was accompanied by the transformation of the 

vaterite polymorph into mostly calcite. These observations are consistent with the 

expected initial formation of unstable vaterite particles, which can dissolve and re-

crystallize/transform into calcite particles with longer stirring time.
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We found that swapping the order of the two salt solutions to be added into the other 

had no effect on the polymorphism of the particles produced, as represented in the 

TEM images and powder X-ray diffractogram in Figure 2. Both addition modes 

(methods A and B) gave rise to a mixture of vaterite and calcite particles with 

comparable mean particle sizes; however, PALS data (Figure 2D) shows that, unlike 

the particles produced using Method A, those that were obtained from Method B 

showed almost unchanging zeta potentials. This may indicate that Method A favors 

better deposition of PDA onto the particles’ surface over time, compared with Method 

B, resulting in the observed change in the surface charge distribution. Another 

interesting difference is that the samples synthesized via method B had higher 

polydispersity indexes (PDI) than those that were synthesized via method A. This 

suggests that the addition of the CO32--containing solution to the Ca2+-containing 

solution (Method A) yielded particles with more uniform size distribution, which can be 

a consequence of favored PDA deposition.

A similar observation was reported previously by Wang et al.28 The comparatively 

high PDI can be attributed to the starting pH values of salt solutions: sodium carbonate 

in the Tris buffer solution had a pH value of 10.41 and calcium chloride in the Tris 
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buffer solution had a lower pH value at 7.56. This difference in the initial pH levels prior 

to reaching the equilibrium pH level of the mixture, may influence the number of initial 

CaCO3 nuclei that forms and grows into larger particles, which can impact uniformity 

of the particle sizes;35 however, this concept has not been extensively studied and 

therefore warrants further research. For the other experiments described in this paper, 

mixing mode I (Na2CO3 solution added into the CaCl2 solution) was applied, as this 

addition mode yields particles with lower polydispersity indexes.
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Figure 2. Bar graphs showing the effective diameters, zeta potentials and 

polydispersity indexes of hybrid particles produced using method A (A, B and E, 

respectively) and method B (C, D and F, respectively). TEM images (G) of hybrid 
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particles with various stirring times, produced using method A and method B. Scale 

bar = 500 nm. Powder X-ray diffractograms of particles synthesized via method A (H) 

and method B (I) at different reaction times. Squares and circles correspond to calcite 

(PDF 00-002-0623) and vaterite (PDF 00-060-0483), respectively. Enlarged images 

of the diffractograms are provided in Figure S6 and S7 (Supporting Information). 

Effect of salt-polymer pairing

We also investigated how the pairing of the two polymer additives with NaCO3 and 

CaCl2 influenced the size, polymorphism, and morphology of the CaCO3 hybrid 

particles produced. DLS data (Figure 3A) revealed that the hybrid particles obtained 

from method C are significantly larger, compared to those that were produced using 

methods A and B. PALS analysis (Figure 3B) showed that the zeta potentials of the 

particles obtained from Method C are slightly decreasing over time, indicating changes 

in the surface charge distribution densities of the particles, which may be due to the 

deposition of PDA. The PDI of the obtained particles, ranging from around 0.1 to 0.3, 

revealed no general trend (Figure 3C). Interestingly, unlike methods A and B that 

produced both calcite and vaterite particles, method C almost only produced the 
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calcite polymorph at all stirring times, as shown by the TEM images (Figures 3D) and 

powder X-ray diffractograms (Figure 3E). This observed dominant polymorph and the 

nearly unchanged mean hydrodynamic diameters of the particles obtained at different 

time points indicate that stable calcite particles are already existent, even at the early 

stages of the fabrication process.

Figure 3. Bar graphs showing the effective diameters (A) and zeta potentials (B) and 

polydispersity index (C) of hybrid particles produced using method C at different 

stirring times. TEM images (D) of hybrid particles with various stirring times, produced 

using method C (Scale bar = 500 nm), and their corresponding powder X-ray 

diffractograms (E). Squares and circles correspond to calcite (PDF 00-002-0623) and 
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vaterite (PDF 00-060-0483), respectively. Enlarged images of the diffractograms are 

provided in the Figure S8 (Supporting Information).

The differences in the observed polymorphs from methods A and C are mainly due 

to the interactions of the additives with the Ca2+ and CO32- ions. It has been reported 

that Ca2+ ions interact with the catechol groups present in dopamine,32-33 and therefore 

as dopamine continues to polymerize, free hydroxyl groups are consumed in the 

reaction, resulting in the depletion of the Ca2+-catecholate complexes.8, 15 

Furthermore, BSA has an overall negative surface charge in basic conditions36 and no 

specific interactions with CO32-. During the mixing process, it would take time for BSA 

to combine completely into the mixture and interact effectively with Ca2+. In this case, 

BSA would be ineffective in slowing down the approach of and reducing the 

interactions between Ca2+ and CO32- ions, and in controlling the dissolution and/or re-

crystallization of the CaCO3 particles.

In contrast, Method A allows the side chain functional groups present in BSA to 

coordinate effectively with Ca2+, trapping the ion in a soluble complex.26 Unlike the 

interactions between dopamine and Ca2+, the interactions of BSA with Ca2+ do not 
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diminish with increasing stirring time, leading to the controlled nucleation and growth 

of CaCO3 particles. Moreover, the interaction of both PDA and BSA with the resulting 

particles limit the dissolution and transformation to the calcite polymorph.

Effect of polymerization time

DLS (Figure 4A) and PALS analyses (Figure 4B)  showed no general relationship 

between the effective diameters and zeta potentials of particles obtained after three 

minutes of stirring, and the PDA polymerization times used in the study. However, after 

four minutes of stirring, observed particle sizes tend to increase with increasing 

polymerization time up to 60 minutes, which then slowly decrease in size from 90 to 

120 minutes (Figure 4C). Meanwhile, PALS analysis (Figure 4D) revealed that 

increasing polymerization time correlates with a decrease in the magnitude of the zeta 

potential, signifying that the surfaces of the hybrid particles exhibit differences in 

charge distribution densities, which might be due to the degree of polymerization of 

the PDA coating. Observed PDI of the particles produced with 3 minutes (Figure 4E) 

stirring ranged from 0.1 to 0.4, while the PDI of those that were produced with 4 
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minutes (Figure 4F) stirring ranged from 0.2 to 0.3 with a generally increasing trend 

with respect to increase in polymerization time.

Shorter polymerization times (10 and 30 minutes), regardless of the stirring time 

during the  mixing of the salt solutions, favors the formation of both vaterite and calcite, 

while longer polymerization times (60, 90 and 120 minutes) favors the formation of 

only the calcite polymorph, based on the powder X-ray diffractograms (Figure 4H and 

4I). This is supported by the differences in the observed morphologies of the hybrid 

particles, as shown in the TEM images (Figure 4G). Both 10 and 30 minutes 

polymerization time yielded a mixture of spherical vaterite particles and more 

crystalline calcite particles, with evidences of PDA adhesion/incorporation, based on 

the irregular, low-density materials on the surface of the particles. Starting at 60 

minutes to 120 minutes polymerization time, almost no vaterite spheres are 

observable and large chunks of calcite with PDA coating can be observed. The XRD 

profiles congruently show the disappearance of the peaks, corresponding to vaterite, 

with increasing polymerization time. It is also notable that discrete PDA nanoparticles 

and films formed at 120 minutes polymerization time, which can explain the observed 
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decrease in the zeta potential with longer polymerization time and at four minutes of 

stirring after mixing of the salts. 

The results suggest that between 30 and 60 minutes, PDA stops becoming effective 

in suppressing the growth rate of vaterite particles and the transformation of vaterite 

into calcite takes place. The presence of mainly calcite at longer polymerization times 

can be attributed to the extensive polymerization into PDA nanoparticles and films 

(Figure S9, Supporting Information), resulting in the depletion of available dopamine 

molecules. This leads to a less controlled growth of CaCO3 particles as the calcium-

catecholate complex formation is limited and its contribution to the particle stabilization 

becomes negligible after long polymerization times. Kim and Park8 reported a similar 

phenomenon, the preferential formation of calcite microparticles over vaterite spheres, 

when a dopamine mixture that has been polymerized for 48 hours was utilized to 

generate the CaCO3 particles.
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Figure 4. Bar graphs showing the effective diameters and zeta potentials of hybrid 

particles produced using method D at stirring time = 3 minutes (A and B, respectively) 
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and stirring time = 4 minutes (C and D, respectively) with different PDA polymerization 

times. TEM images (G) of hybrid particles with different polydopamine polymerization 

times, produced using method D at 3 and 4 minutes stirring time. Scale bar = 500 nm. 

Powder X-ray diffractograms of particles synthesized via method D at 3 minutes (H) 

and 4 minutes (I) stirring time. Squares and circles correspond to calcite (PDF 00-002-

0623) and vaterite (PDF 00-060-0483), respectively.  Enlarged images of the 

diffractograms are provided in Figures S10 and S11 (Supporting Information). 

Conclusions

In this study, CaCO3 hybrid particles were fabricated via a fast precipitation method 

using two biocompatible polymers, PDA and BSA. Our work showed that utilizing 

these additives yields a mixture of vaterite and calcite, which may have particle sizes 

ranging from around 200 nm to a micron. Manipulating the fabrication process 

parameters (stirring time, polymerization time, addition order, and salt-polymer 

pairing) plays a significant role in modifying particle sizes, polymorphs, and 

morphologies of the resulting particles. Longer stirring times during the precipitation of 
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the particles allowed the transformation of vaterite into calcite particles. Furthermore, 

the addition order and salt-polymer pairing were shown to have some effects on the 

stability of the initially formed vaterite particles and their polydispersity indexes. Stable, 

submicron-sized, vaterite particles were formed when the BSA/CaCl2 and 

PDA/Na2CO3 pairings were used, with addition of the latter solution the former 

(addition mode I). Lastly, it was found that PDA loses its ability to control the particle 

size and influence CaCO3 polymorphism after 30 minutes of polymerization, prior to 

the precipitation reaction. It was observed that longer polymerization times yielded 

PDA nanoparticles and films that have limited interactions with the CaCO3 particles, 

which favored the formation of calcite over the vaterite polymorph. Taken together, we 

demonstrated that the physicochemical properties of CaCO3 hybrid particles can be 

precisely tuned by varying a range of parameters. This allows us to design and develop 

new CaCO3-based materials that can be tailored to specific technologies particularly 

in drug delivery, sensing, photoacoustic imaging and photothermal therapy.
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Supporting Information

Powder X-ray diffractograms and optical microscopy images of CaCO3 hybrid 

particles with different additives, characterisation of PDA/BSA/CaCO3 hybrid particles, 

and powder X-ray diffractograms with Miller indices of particles from Methods A-D. 

This material is available free of charge via the Internet at http://pubs.acs.org.
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Synopsis

Manipulating the size and polymorphism of calcium carbonate particles can be a challenging 
task. In this work, we utilized two natural biopolymers, polydopamine and bovine serum 
albumin, and optimized a set of process parameters to fabricate hybrid particles and 
demonstrate the possibility of tuning their physicochemical properties.
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