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Background: Orally administered particles rapidly interact with biological fluids containing 

proteins, enzymes, electrolytes, and other biomolecules to eventually form particles covered 

by a corona, and this corona potentially affects particle uptake, fate, absorption, distribution, 

and elimination in vivo. This study explored relationships between the biological interactions 

of calcium carbonate particles and their biokinetics.

Methods: We examined the effects of food grade calcium carbonates of different particle size 

(nano [N-Cal] and bulk [B-Cal]: specific surface areas of 15.8 and 0.83 m2/g, respectively) on 

biological interactions in in vitro simulated physiological fluids, ex vivo biofluids, and in vivo 

in gastrointestinal fluid. Moreover, absorption and tissue distribution of calcium carbonates 

were evaluated following a single dose oral administration to rats.

Results: N-Cal interacted more with biomatrices than bulk materials in vitro and ex vivo, as 

evidenced by high fluorescence quenching ratios, but it did not interact more actively with 

biomatrices in vivo. Analysis of coronas revealed that immunoglobulin, apolipoprotein, throm-

bin, and fibrinogen, were the major corona proteins, regardless of particle size. A biokinetic 

study revealed that orally delivered N-Cal was more rapidly absorbed into the blood stream 

than B-Cal, but no significant differences were observed between the two in terms of absorption 

efficiencies or tissue distributions. Both calcium carbonates were primarily present as particulate 

forms in gastrointestinal fluids but enter the circulatory system in dissolved Ca2+, although both 

types showed partial phase transformation to dicalcium phosphate dihydrate. Relatively low 

dissolution (about 4%), no remarkable protein–particle interaction, and the major particulate 

fate of calcium carbonate in vivo gastrointestinal fluids can explain its low oral absorption 

(about 4%) regardless of particle size.

Conclusion: We conclude that calcium carbonate nanoparticles can act more actively with 

biological matrices in vitro and ex vivo, but that in vivo, their biological interactions and bioki-

netics are not affected by particle size.

Keywords: biological interaction, oral absorption, biokinetics, size effect, protein corona

Introduction
Calcium carbonate (CaCO

3
) is widely used as a dietary supplement in the food industry 

because calcium, the most abundant mineral element in the body, is essentially required 

for muscle contraction, nerve function, blood clotting, intracellular cell signaling, 

hormonal secretion, and healthy bones and teeth.1–4 However, less than 1% of total 

body calcium is necessary for critical metabolic functions; the other 99% is stored in 

bones and teeth. CaCO
3
 is also used as an antacid to relieve heartburn, as it neutralizes 

stomach acid.5 When CaCO
3
 is taken as an oral supplement, it requires stomach acid 

to dissolve it before it can be taken up by the blood stream as Ca2+.6 However, the oral 
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absorption of CaCO
3
 is extremely low (approximately 4%),  

depending on pH condition.4,7 Nanotechnology may provide 

a novel means of overcoming this limitation. To increase 

oral calcium bioavailability, attempts have been made to 

produce nanosized CaCO
3
. Chen et al reported higher cal-

cium absorption and retention for nanosized pearl powder 

(84 nm) than microsized pearl powder (29.4 μm) adminis-

tered to healthy adults.8 Park et al demonstrated that nano 

CaCO
3
-supplemented milk significantly increased femoral 

bone mineral density in ovariectomized rats.9 Huang et al 

also showed that nano CaCO
3
 (151±19 nm) enhanced the bio-

availability of calcium in ovariectomized mice as compared 

with micro CaCO
3
 (3,773±759 nm), based on serum calcium 

concentration and bone mineral density measurements.10 On 

the other hand, Shahnazari et al concluded that the size of 

CaCO
3
 particles does not critically affect overall calcium 

metabolism or bone density; however, they investigated 

microsized CaCO
3
 (13.0 versus 18.5 μm).11 Thus, it has not 

been determined whether nanosized CaCO
3
 supplementation 

has benefits in terms of enhancing the oral bioavailability 

of calcium.

When nanoparticles enter biological systems and encoun-

ter biofluids, they interact rapidly with biomolecules, such 

as proteins and enzymes, and become coated by a so-called 

“corona,” which completely changes their physicochemical 

characteristics.12,13 In particular, a plasma protein-derived 

surface corona can provide an immunological response 

signal and activate macrophages, and eventually induce 

particle clearance by the mononuclear phagocyte system.14 

Other plasma proteins, like albumin, have been reported 

to play a role in preventing the opsonization process and 

to increase particle circulation times.15 Furthermore, some 

apolipoproteins can mediate the transcytosis of nanoparticles 

across the blood–brain barrier.16 Hence, interactions between 

nanoparticles and plasma proteins or blood components 

potentially influence nanoparticle uptake, absorption, biodis-

tribution, and clearance. In addition, it has been reported that 

particle–protein coronas might be affected by particle sizes 

and surface properties.17,18

Orally administered nanoparticles are subjected to harsh 

physiological conditions in the gastrointestinal (GI) tract,19 

such as low pH and enzyme or immune attack, which gen-

erally adversely affect bioavailability. Since nanoparticles 

are characterized by high reactivity and biological response 

due to their large specific surface area to volume ratios, 

interactions of nanoparticles in the GI tract are likely to 

differ from those of microsized particles.20,21 Dissolution, 

shape, and crystallinity can affect differently the biological 

behaviors of nanoparticles in vivo. Moreover, the possibility 

that nanoparticles penetrate the intestinal epithelium via an 

energy-dependent endocytosis pathway cannot be excluded. 

It is now generally accepted that many nanoparticles are 

taken up by cells by an endocytic pathway.22–24 Accord-

ingly, determination of the biological fate of nanoparticles 

following oral administration is key to understanding and 

interpretation of oral absorption and biokinetic behaviors. 

In addition, exposure of CaCO
3
 to the gastric system may 

cause phase transformation to other crystalline forms in the 

intestine and prevent calcium absorption, and this too is 

likely to be affected by particle size. It is known that calcium 

interacts strongly with phosphate, which is one of the most 

abundant ions in the body, and that the near insoluble cal-

cium phosphate formed prevents bound calcium from being 

absorbed.25,26 However, little information is available about 

interactions between nanoparticles and biological matrices 

as well as their fates in biologic systems.

In this study, we evaluated interactions between food 

grade bulk- and nanosized CaCO
3
 (B-Cal and N-Cal, 

respectively) and biological matrices. Dissolution, shape, 

phase transformation and particle–protein interactions were 

examined in three different systems: 1) in vitro simulated 

body fluids, 2) ex vivo GI fluid and plasma obtained from rats, 

and 3) in vivo in GI fluid and plasma following oral admin-

istration to rats. Proteomics analysis was also performed to 

investigate size-dependent particle–protein interactions and 

to identify bound proteins. Furthermore, the oral absorptions 

and biodistributions of B-Cal and N-Cal were assessed after 

administering single and repeated doses to rats.

Material and methods
Materials
The two food grade CaCO

3
 materials (B-Cal and N-Cal) were 

produced by grinding seashells and were purchased from 

Apexel Co., Ltd. (Pohang, Republic of Korea).

characterization
The powder X-ray diffraction (XRD) patterns of the 

two CaCO
3
 were obtained using an X-ray diffractome-

ter D2phaser (Bruker AXS, Billerica, MA, USA) using  

Ni-filtered CuKα radiation. Particle sizes and morphologies 

were determined by scanning electron microscopy (SEM) 

(QUANTA FEG250; FEI, Hillsboro, OR, USA). Specific sur-

face areas were determined using N
2
 adsorption–desorption 

isotherms using a micromeritics (Accelerated Surface Area 

and Porosimetry System [ASAP 2020]; Micromeritics Instru-

ment Corporation, Norcross, GA, USA). The zeta potentials 
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were measured after being dispersed and diluted in deionized 

water by light scattered electrophoresis using an ELSZ-1000 

(Otsuka Electronics Co. Ltd., Osaka, Japan). Hydrodynamic 

sizes and size distributions were evaluated by dynamic light 

scattering using an ELSZ-1000 (Otsuka Electronics Co. Ltd.). 

Fourier transform infrared (FT-IR) spectra were obtained 

using a Perkin Elmer spectrum one FT-IR spectrometer 

using potassium bromide pellet method. Typically, potassium 

bromide and sample were mixed at weight ratio of ~100:1 

and ground in an agate mortar. Pellets were then made from 

the powders obtained.

animals
Five-week-old male and female Sprague Dawley rats weighing 

120–140 g were purchased from Nara Biotech Co., Ltd. (Seoul, 

South Korea). Animals were housed in plastic animal cages 

in a ventilated room maintained at 20°C±2°C and 60%±10%  

relative humidity, under a 12 hour light/dark cycle. Water 

and commercial laboratory complete food for rats were made 

available ad libitum. Animals were acclimated to this envi-

ronment for 7 days before treatment. All animal experiments 

were performed after obtaining approval from the Animal and 

Ethics Review Committee of Seoul Women’s University.

Preparation of simulated body fluids 
and of tissue-extracted biofluids
We prepared three types of in vitro body fluids simulating 

gastric, intestinal, and plasma conditions. For the gastric 

condition, 0.034 M sodium chloride and 3.2 g pepsin (P7000; 

Sigma-Aldrich, St Louis, MO, USA) were dissolved in deion-

ized water, and the pH of the solution was adjusted to 1.5 

with 1 M hydrochloric acid, and then made up to 1 L. For 

the intestinal condition, bile salt (87.5 mg) (B8756; Sigma-

Aldrich) and pancreatin (25 mg) (P7545; Sigma-Aldrich) 

were added to simulated gastric solution, and then the pH 

was adjusted to 6.8 by titrating with 1.12 M sodium bicarbon-

ate. The plasma simulating solution was prepared by simply 

dissolving 50 g of albumin (A7906; Sigma-Aldrich) in 1 L 

of phosphate-buffered saline (LB004-02; Welgene, Daegu, 

Republic of Korea).

To obtain GI fluids, stomachs and small intestines were 

collected from 6-week-old male Sprague Dawley rats after 

CO
2
 euthanasia. Tissues were rinsed with saline and gastric 

and intestinal fluid samples were extracted. GI fluids were 

defined as the supernatants obtained by centrifugation at 

13,000× g for 15 minutes at 4°C. Blood samples were col-

lected via tail vein using a catheter and then centrifuged at 

12,000× g for 3 minutes at 4°C to obtain plasma.

In vitro and ex vivo interactions between 
calcium carbonates and biological 
substances
CaCO

3
 samples were dispersed either in simulated body 

fluids or extracted biofluids (GI fluid or plasma) at concentra-

tions of 5 or 50 mg/mL, respectively. Aliquots were collected 

15 minutes, 30 minutes, and 1 hour later. For intestinal fluid 

and plasma, aliquots were collected at 30 minutes, 1 hour, and 

4 hours. These time points were selected based on residence 

times of ingested materials in the GI tract.

Collected suspensions were centrifuged, and the pre-

cipitates and supernatants were assayed. Precipitates were 

vacuum dried and subjected to XRD and SEM to determine 

particle crystallinities, sizes, and morphologies, as described 

in Characterization section. Also, collected suspensions were 

subjected to a protein fluorescence quenching assay, which 

was performed using a luminescence spectrometer (LS55; 

PerkinElmer Inc., Waltham, MA, USA). Fluorescence emis-

sion intensities were measured at 340 and 430 nm using excita-

tion wavelengths of 280 and 320 nm, respectively. Quenching 

ratios were calculated as (I0-I)/I0, where I0 and I stand for basal 

fluorescence emission intensity in controls (CaCO
3
 untreated) 

and experimental groups (CaCO
3
 treated), respectively.

Chemical environments around Ca2+ ions before and 

after incubation for 48 hours in simulated body fluids were 

evaluated by X-ray absorption spectroscopy performed at 

the 8C Nanoprobe XAFS beam line at the Pohang Accel-

erator Laboratory (Pohang, South Korea). X-ray absorption 

spectroscopy spectra were collected at the Ca K-edge of 

4,038 eV; Ca K-edge was obtained in a 90% He/10% N
2
 

atmosphere. X-ray absorption near edge spectra at calcium 

K-edge were analyzed to assess the coordination number of 

Ca2+ ion in each sample.

In vivo interactions between calcium 
carbonates and biological media
CaCO

3
 particles were orally administered at 250 mg/kg 

to male rats. After designated times of postadministration  

(0.25 and 0.5 hour for gastric fluid, 1 and 4 hours for intestinal 

fluid, 1 and 2 hours for plasma), biofluids were obtained and 

centrifuged as described above. Precipitates were dried in 

vacuum and subjected to XRD and SEM to analyze crystal-

linity, size, and morphology, as described above. Because 

in vivo samples contained many organic substances, energy 

dispersive spectroscopy (EDS) APOLLO X AMETEK Inc., 

Mahwah, NJ, USA was carried out during SEM measure-

ments to distinguish CaCO
3
 from biological components. 

Rectangular zones showing more than 5% (w/v) of calcium 

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2015:10submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

2276

lee et al

content in EDS spectra were determined to contain CaCO
3
. 

Supernatants were subjected to a protein fluorescence 

quenching assay, which was performed using a luminescence 

spectrometer, as described above.

Dissolution properties
The in vitro and ex vivo dissolution of the two CaCO

3
 was 

measured by dispersing them at 5 and 50 mg/mL in simulated 

body and extracted tissue fluids, respectively. After incuba-

tion for designated times at 37°C, supernatants were collected 

by ultracentrifugation (15,000× g at 15 minutes). In vivo dis-

solution was also analyzed following the oral administration 

of 250 mg/kg to male rats. After centrifugation of the bio-

fluids obtained, supernatants were passed through a syringe 

filter (25AS045AS, pore size 0.45 μm; Advantech, Taipei, 

Taiwan), and calcium concentrations were determined by 

inductively coupled plasma-atomic emission spectroscopy 

(ICP-AES) (JY2000 Ultrace; HORIBA Jobin Yvon, Stow, 

MA, USA).

One-dimensional (1D) and two-
dimensional (2D) gel electrophoresis
A particle suspension of 100 μL (500 mg of particles prepared 

in 1 mL of distilled water [DW]) was incubated with 1 mL 

of plasma at 37°C with gentle shaking for 1 hour. Unbound 

proteins were separated from particles by centrifugation at  

23,000× g for 1 hour at 4°C, and the precipitates were washed 

three times with deionized DW. For 1D gel electrophoresis, 

samples were suspended in rehydration buffer (7 M urea, 2 M 

thio-urea, 4% 3-[(3-cholamidopropyl) dimethylammonio]-1-

propanesulfonate [CHAPS], 2.5% dithiothreitol) containing 

protease inhibitor cocktail (Hoffman-La Roche Ltd., Basel, 

Switzerland). After vortexing overnight, samples were 

centrifuged at 15,000× g for 15 minutes and resuspended 

in sodium dodecyl sulfate (SDS) sample buffer. Samples 

were then heated at 95°C for 10 minutes and cooled to room 

temperature before loading (15 μg of protein) into 12% SDS-

polyacrylamide (SDS-PAGE) gels. Protein concentrations 

were measured using a Bradford method (Bio-Rad Labora-

tories Inc., Hercules, CA, USA).

For 2D gel electrophoresis, pH 4–7 immobilized pH 

gradient strips (GE Healthcare Life Sciences, Cleveland, 

OH, USA) were rehydrated in swelling buffer containing 

7 M urea, 2 M thiourea, 0.4% (w/v) dithiothreitol, and 4% 

(w/v) CHAPS. The protein lysates (120 μg) were loaded into 

rehydrated immobilized pH gradient strips using a Multiphor 

II apparatus (GE Healthcare Life Sciences) over 57 kVh. 

2D separations were performed on 8%–16% (v/v) linear 

gradient SDS-PAGE gels. After separation, gels were fixed 

for 1 hour in a solution of 40% (v/v) methanol containing 5% 

(v/v) phosphoric acid, stained with Coomassie blue G-250 

solution (ProteomeTech, Seoul, South Korea) for 5 hours, 

destained in 1% (v/v) acetic acid for 4 hours, and imaged 

using an Image Scanner III imaging calibrated densitometer 

(GE Healthcare Life Sciences).

Protein identification by mass 
spectrometry
Protein spot detection and 2D pattern matching were carried out 

using Image Master TM 2D Platinum software (GE Healthcare 

Life Sciences). To compare control and treated sample protein 

spot densities, more than 20 gel spots were landmarked and 

normalized. The spots of candidate proteins were compared 

with the aid of histograms. To ensure the reproducibility of 2D 

experiments, samples were analyzed in triplicate.

The procedure used for in-gel digestion of protein spots 

from Coomassie blue stained gels was applied.7 Prior to 

mass spectrometry analysis, peptide solutions were desalted 

using a reversed-phase column.27 A constricted gel loader tip 

(Eppendorf, Hamburg, Germany) was packed with Poros 20 

R2 resin (Thermo Fisher Scientific, Waltham, MA, USA). 

After an equilibration step with 10 μL of 5% (v/v) formic 

acid, the peptide solution was then loaded onto the column 

and washed with 10 μL of 5% (v/v) formic acid. Bound pep-

tides were eluted with 1 μL of α-cyano-4-hydroxycinnamic 

acid (5 mg/mL in 50% [v/v] ACN +5% [v/v] formic acid) 

and then spotted onto a MALDI plate (96×2, Thermo 

Fisher Scientific). Peptide extracts were analyzed by liquid 

chromatography-mass spectrometry/mass spectrometry 

(LC-MS/MS) on an Agilent 1100 Nano HPLC (Santa Clara, 

CA, USA) coupled to a MALDI-TOF mass spectrometer 

(ABI 4800 MALDI-TOF/TOF™ Analyzer; Thermo Fisher 

Scientific). Spectra were acquired and processed using MAS-

COT software (Matrix Science, London, UK).

Pharmacokinetics and tissue distributions
Six male and six female rats per group were administered 

a single dose of 250 mg/kg or 250 mg/kg daily for 14 con-

secutive days of the two CaCO
3
 by oral gavage; controls 

(n=6) received an equivalent volume of 0.9% saline. Body 

weight changes, behaviors, and symptoms were care-

fully recorded daily after treatment. To determine plasma 

calcium concentrations, blood samples were collected 

via a tail vein at 0, 0.25, 0.5, 1, 2, 4, and 6 hours after the 

single and on the 14th day. Blood samples were centri-

fuged at 3,000× g for 15 minutes at 4°C to obtain plasma.  
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The following pharmacokinetic parameters were estimated 

using Kinetica version 4.4 (Thermo Fisher Scientific): maxi-

mum concentration (C
max

), time to maximum concentration 

(T
max

), area under the plasma concentration-time curve 

(AUC), half-life (T
1/2

), and mean residence time (MRT). For 

the tissue distribution study, samples of brain, heart, kidney, 

liver, lung, spleen, and testis or ovary were collected after 

14-day repeated administration.

IcP-aes analysis
Biological samples (0.2 g of plasma and total tissues) were 

predigested in 3–10 mL of ultrapure nitric acid overnight 

and heated at ~160°C. Hydrogen peroxide (0.5–1.0 mL) 

was then added, and mixtures were heated until samples 

had been completely digested; that is, until the solutions 

were colorless and clear. The solutions were finally diluted 

to 5 or 10 mL for plasma and other samples, respectively, 

with ultrapure water and filtered at 0.45 μm. All the tissues 

were spiked with known concentrations of standard calcium 

solution which were also used for the external calibration. 

Analyses of total calcium contents were conducted by 

ICP-AES (JY2000 Ultrace; HORIBA Jobin Yvon) using 

radiofrequency power of 1,000 W and nebulizer argon flow 

rate of 0.02 mL/min.

statistical analysis
Results are presented as means ± standard deviations. 

Experimental values were compared with corresponding 

untreated control values. One-way analysis of variance 

(ANOVA) was conducted using SAS software (Tukey’s 

test, version. 11.0; SAS Institute Inc., Cary, NC, USA) 

to determine the significances of differences between 

experimental and control groups. Statistical significance was 

accepted for P-values of 0.05.

Results
Physicochemical parameters  
of the produced calcium carbonates
The physicochemical parameters of the CaCO

3
 samples such 

as crystal structures, chemical properties, particle sizes, spe-

cific surface areas, and properties in aqueous suspension were 

evaluated, and results are summarized in Table 1. According 

to XRD patterns (Figure S1A), B-Cal and N-Cal had a calcite 

structure (Joint Committee on Powder Diffraction Standards 

[JCPDS] No 47-1743) and exhibited high crystallinities.  

The overall XRD pattern showed sharper and more intense 

peaks for B-Cal than for N-Cal, which was attributed to 

larger particle size of B-Cal. Crystallite sizes obtained from 

XRD peaks using Scherrer’s equation (equation 1), were ~30  

and ~40 nm for N-Cal and B-Cal, respectively,

 t
B

=
0 9.

cos

λ
θ  (1)

where t is crystallite size in angstroms, λ is X-ray wavelength 

(1.5415 Å), B is full-width at half maximum of peak in radian 

unit, and θ is peak position in radian unit.

FT-IR spectra of B-Cal and N-Cal showed characteristic 

peaks at 710, 875, and 1,440 cm-1, which were attributed to 

symmetric CO
3

2- deformation, asymmetric CO
3

2- deforma-

tion, and asymmetric CO
3
2- stretch of the calcite structure, 

respectively (Figure S1B).28 Interestingly, we observed sev-

eral peaks in the 2,500 cm-1 region in the infrared spectrum 

Table 1 Physicochemical properties of the calcium carbonates examined

Characterization Samples

Instrument Physicochemical parameters B-Cal N-Cal

XrD crystalline phase calcite calcite
crystallite size ~40 nm ~30 nm

FT-Ir Major bands 710 cm-1: cO3
2- deformation (sym)

875 cm-1: cO3
2- deformation (asym)

1,440 cm-1: cO3
2- stretching (asym)

2,500–3,000 cm-1: –ch2– stretching –
chemical property calcite with organic moiety calcite

seM Primary particle size ~40 nm ~30 nm
Particle size distribution Inhomogeneous Fairly homogeneous

Dls Z-average (hydrodynamic size) 7,363 nm 2,187 nm
PDI 0.698 0.307

BeT Specific surface area 0.83 m2/g 15.8 m2/g
lse Zeta potential -2.98 mV +16.37 mV

Abbreviations: asym, asymmetric; B-cal, bulk calcium carbonates; BeT, Brunauer-emmett-Teller nitrogen adsorption-desorption; Dls, dynamic light scattering; FT-Ir, 
Fourier transform infrared; lse, light scattered electrophoresis; N-cal, nano calcium carbonates; PDI, polydispersity index; seM, scanning electron microscopy; sym, 
symmetric; XrD, X-ray diffraction.
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of B-Cal, which have been due to the aliphatic CH
2
 stretch 

of alkyl chains. Trace organic impurities not fully removed 

during the manufacturing process may have been present in 

the bulk sample.

SEM analysis revealed that B-Cal and N-Cal had differ-

ent particle sizes and morphologies (Figure S2). SEM images 

of B-Cal showed both large lumps of a few micrometers and 

small particles of ~40 nm in size (Figure S2A and C). On the 

other hand, most N-Cal particles were small with a diameter 

of ~30 nm. Primary particle sizes observed by SEM were well 

corresponded to crystallite sizes obtained from Scherrer’s equa-

tion. Although several lumps of 1–2 μm were also observed in 

N-Cal, they were much less common than those in B-Cal.

Hydrodynamic sizes of B-Cal and N-Cal demonstrated 

clear differences between the two in aqueous suspension 

(Figure S3). Z-average CaCO
3
 values, which provide a mea-

sure of average particle diameter,29 were 7,363 and 2,187 nm 

for B-Cal and N-Cal, respectively (Table 1). Polydispersity 

index, the ratio between mean particle size and standard 

deviation, reflected the more homogeneous size distribution 

of N-Cal (polydispersity index =0.307 versus 0.698). Specific 

surface areas, specific surface area
 
of B-Cal and N-Cal were 

calculated by Brunauer-Emmett-Teller nitrogen adsorption-

desorption analysis to be 0.83 and 15.8 m2/g, respectively 

(Table 1), showing larger specific surface area for N-Cal. Sur-

face charges of B-Cal and N-Cal dispersed in DW, as deter-

mined using zeta potentials, were -2.98 mV and +16.37 mV, 

respectively (Figure S4). When zeta potential was measured 

in aqueous suspensions at different pH, N-Cal had higher zeta 

potential than B-Cal by 10–20 mV in pH range from 6 to 13 

(data not shown). The positive zeta potential value of N-Cal 

at alkaline pH was in good agreement with that found in a 

previous study by Amankonah and Somasundaran.30

In vitro interactions between the calcium 
carbonates and biological substances
Biological interactions were evaluated in simulated plasma 

and gastric and intestinal fluids. Time-dependent changes 

in the crystalline phases of B-Cal and N-Cal treated with 

these fluids were monitored by XRD patterns. As shown in 

Figure 1, the crystallinities and crystalline phases of B-Cal 

and N-Cal were determined to be well preserved in simulated 

body fluids, regardless of particle size or fluid conditions. 

However, it is noteworthy that new peaks (* in Figure 1) in 

the 2θ range of 10°–15° were observed in all samples treated 

with simulated fluids, and that peaks evolved in a time-inde-

pendent manner. The peak was assigned to (202) diffraction, 

the biggest diffraction peak of dicalcium phosphate dihydrate 

(CaHPO
4
⋅2H

2
O; JCPDS No 72-0713). Furthermore, the 

evolution of this CaHPO
4
 phase was remarkable in N-Cal 

when incubation time in simulated fluids was extended to  

24 and 48 hours (Figure S5), indicating that N-Cal was 

partially transformed to CaHPO
4
 during incubation under 

physio logical conditions. The evolution of this CaHPO
4
 

phase in simulated body fluids was also confirmed by X-ray 

absorption near edge spectra at calcium K-edge (Figure 

S6). Untreated B-Cal and N-Cal showed an edge position at 

4,037.9 eV, which corresponds to calcite containing six coor-

dinated Ca2+.31 After 48 hours incubation in simulated body 

fluids, the edge positions of N-Cal shifted to 4,038.8; 4,038.2; 

and 4,038.6 eV in plasma and in gastric and intestinal fluids, 

respectively. Similarly, those of B-Cal shifted to 4,038.8; 

4,038.6; and 4,038.8, respectively. The K-edge position of 

calcium is known to be correlated with coordination number; 

CaHPO
4
 (coordination number 7.5) and hydroxyapatite (coor-

dination number 8.4) have K-edges at 4,039.0 and 4,038.2 eV,  

respectively. Thus, a shift in K-edge position to higher energy 

confirmed the evolution of a calcium phase with a coordina-

tion number 6, such as calcium phosphate.

SEM images of CaCO
3
 after incubation in simulated 

body fluids are provided in Figure 1. No significant change 

in primary particle sizes was observed (Figure 1A), but 

CaCO
3
 particle surfaces became more rounded compared 

with untreated ones, possibly due to the surface interaction 

between CaCO
3
 and biological substances.

The in vitro dissolution characteristics of B-Cal and 

N-Cal are summarized in Table 2. Both showed 1% dis-

solution in simulated gastric fluid, and much low levels of 

dissolution were observed in simulated intestinal fluid and 

plasma. The dissolution order of both B-Cal and N-Cal in 

these fluids was gastric  plasma  intestine. It is interesting 

to note that no significant difference was observed between 

the in vitro dissolution characteristics of B-Cal and N-Cal.

The protein quenching ratios of B-Cal and N-Cal in the 

simulated body fluids are provided in Table 2. These results 

showed a clear particle size difference; that is, N-Cal interacted 

more so with protein species, and B-Cal showed a maximum 

quenching ratio of ~43% in gastric fluid, whereas N-Cal exhib-

ited strong quenching up to ~80% in all simulated body fluids. 

Furthermore, quenching ratios were higher for simulated 

gastric and intestinal fluids than for plasma condition.

ex vivo interactions between the calcium 
carbonates and tissue fluids
As was observed in vitro, the evolution of dicalcium phosphate 

dihydrate was observed when B-Cal or N-Cal was exposed 
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Figure 1 XrD patterns and seM images of B-cal (a) and N-cal (b) as produced (A) and after being incubated in simulated gastric (B) and intestinal fluids (C) and plasma (D).
Notes: (hkl) Miller indexing in XrD patterns (A) are typical patterns of the calcite phase (JcPDs No 47-1743); asterisks in XrD patterns stand for the evolution of dicalcium 
phosphate dihydrate (JCPDS No 72-0714); SEM images were obtained after incubation for 1 hour in simulated gastric fluid and 4 hours in simulated intestinal fluid or plasma 
condition.
Abbreviations: arb, arbitrary; B-cal, bulk calcium carbonates; hkl, Miller indexing; JcPDs, Joint committee on Powder Diffraction standards; N-cal, nano calcium 
carbonates; seM, scanning electron microscopy; XrD, X-ray diffraction; h, hours.

Table 2 In vitro and ex vivo dissolution and protein fluorescence quenching ratio of calcium carbonate materials

Condition Time (h) In vitro Ex vivo

Dissolution (%) Quenching ratio (%) Dissolution (%) Quenching ratio (%)

B-Cal N-cal B-Cal N-cal B-Cal N-cal B-Cal N-cal

gastric 0.25 0.75 0.73 23.98 81.96 2.14 3.59 16.28 83.97
0.5 0.75 0.74 32.63 86.21 1.69 3.39 28.08 89.58
1 0.75 0.82 43.55 86.65 1.66 3.37 31.98 92.15

Intestinal 0.5 0.01 0.01 21.93 76.66 0.01 0.01 25.15 81.05
1 0.01 0.01 25.86 81.22 0.01 0.01 23.62 85.71
4 0.01 0.01 27.99 82.88 0.01 0.01 52.57 89.55

Plasma 0.5 0.01 0.01 7.97 28.23 0.01 0.01 46.83 90.14
1 0.01 0.01 18.49 68.92 0.01 0.01 53.67 93.29
4 0.01 0.01 24.53 80.25 0.01 0.01 60.53 94.49

Abbreviations: B-cal, bulk calcium carbonates; N-cal, nano calcium carbonates; h, hours.
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to ex vivo GI fluids or plasma (Figure S7). Interestingly, 

ex vivo results showed more dicalcium phosphate dihydrate 

evolution in N-Cal than in B-Cal.

 The particle sizes and morphologies of B-Cal and N-Cal 

were not changed by incubation with ex vivo GI fluids or 

plasma as determined by SEM (Figure S8), which was con-

sistent with our in vitro results, although B-Cal particle sur-

faces were smoothed by exposure. On the other hand, N-Cal 

incubated with tissue fluids seemed to form agglomerates, 

but particle sizes and morphologies were well preserved. The  

ex vivo dissolution studies demonstrated that ~2.1% and 

3.6% of B-Cal and N-Cal dissolved in gastric fluid, respec-

tively (Table 2). On the other hand, their dissolutions were 

fairly low (0.01%) in intestinal fluid and plasma.

The ex vivo protein fluorescence quenching assay showed 

that N-Cal had a higher fluorescence quenching ratio than 

B-Cal as in in vitro results (Table 2). B-Cal showed maximum 

quenching ratios of ~30%, ~50%, and ~60% in gastric fluid, 

intestinal fluid, and plasma, respectively, in a time-dependent 

manner. Whereas, N-Cal exhibited quenching ratios of up 

to ~90% in GI fluids and plasma, even after incubation for a 

short time of 0.25 hour. This result shows N-Cal interacted 

more strongly with proteins from the thermodynamic and 

kinetic standpoints. It is worth noting that ex vivo quenching 

ratios were generally greater than in vitro ratios.

In vivo biological interactions  
and the fates of calcium carbonates
We evaluated in vivo phase transformations and morpho-

logical changes in B-Cal and N-Cal by XRD and SEM after 

administering a single dose orally to rats. Both calcite and 

dicalcium phosphate dihydrate were found by XRD in B-Cal 

and N-Cal exposed to gastric and intestinal fluids (Figure S9). 

As GI fluid might contain chemical species resulting from 

animal feed, we also checked the XRD patterns of gastric 

and intestinal fluids before administering B-Cal or N-Cal as 

controls. These XRD patterns also showed the presence of 

calcite phase in control GI fluid, and its diffraction increased 

at 0.25 hour postadministration and then gradually decreased. 

However, the intestinal fluid of rats administered N-Cal 

showed no evidence of the calcite phase after 4 hours. It was 

interesting that phase transformation occurred in B-Cal and 

N-Cal exposed to GI fluid.

The morphologies, shapes, and sizes of B-Cal and N-Cal 

in GI fluids after oral administration were analyzed by SEM 

(Figure S10). Because samples contained various bioorganic 

moieties as well as CaCO
3
 (Figure S1B), EDS spectra were 

analyzed to confirm the existence of CaCO
3
 (data not shown). 

B-Cal in gastric and intestinal fluids was present as large 

particles (a few micrometers in size) with fairly smooth sur-

faces as compared with the untreated control. N-Cal showed 

primary particle sizes of tens of nanometers, like the untreated 

material. As compared with N-Cal incubated in simulated 

body fluids and ex vivo tissue extracts, particles found in 

the GI fluids following oral administration showed much 

smoother surfaces. Despite changes in surface smoothness 

and morphology, the particulate morphologies and original 

particle sizes of B-Cal and N-Cal were preserved in vivo in 

GI fluid.

The dissolution characteristics of B-Cal and N-Cal were 

measured in gastric and intestinal fluids following oral admin-

istration. At 15 minutes after oral administration, B-Cal and 

N-Cal had dissolved by 4.59% and 7.33%, respectively, in 

gastric fluid. This high dissolution of N-Cal was also found 

in gastric fluid at 30 minutes after administration (0.85% and 

3.15% for B-Cal and N-Cal, respectively). Slightly higher 

calcium levels were found in intestinal fluid at 1 hour after 

administration (1.27%±0.23% and 1.81%±0.37% for B-Cal 

and N-Cal, respectively). On the other hand, fluorescence 

quenching analysis of gastric and intestinal fluids or plasma 

after oral administration showed no decrease in fluorescence 

intensity as compared with untreated organ fluids (data not 

shown).

calcium carbonate-plasma protein 
coronas
Plasma protein bindings to CaCO

3
 as determined by 1D gel 

electrophoresis are shown in Figure 2A. The results showed 

that bindings of plasma proteins to B-Cal and N-Cal differed. 

Further protein binding analysis by 2D gel electrophoresis 

showed a similar tendency (Figure 2B). However, a clear dif-

ference in binding profiles of the two materials was observed, 

as was expected; proteins were more actively adsorbed on 

N-Cal than B-Cal. Proteins that bound to B-Cal and N-Cal 

on 2D gels were identified by mass spectrometry, according 

to molecular weight and isoelectric point. The most abundant 

plasma proteins detected in coronas are presented in Table 3. 

Immunoglobulin light chain was determined to be the most 

abundantly bound protein on both B-Cal and N-Cal, and 13 

proteins were found to be components of coronas on B-Cal 

and N-Cal. Meanwhile, protein binding profiles did not match 

relative protein levels in plasma. Serum albumin, which was 

most abundant in plasma, was found on only B-Cal and was 

11th in terms of abundance. Immunoglobulin, apolipoprotein, 

thrombin, and fibrinogen were found to be the major protein 

components of coronas.
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Biokinetics and oral absorption of B-cal 
and N-cal
The plasma concentration-time profiles of B-Cal and N-Cal 

in rats after a single oral dose are presented in Figure 3A–D. 

Increased plasma calcium concentrations were determined by 

subtracting control plasma calcium levels from total plasma 

calcium levels, as determined by ICP-AES. Peak concentra-

tions were observed at 1 and 2 hours postadministration for 

N-Cal and B-Cal, respectively, with no effect due to sex of 

the animal, and these concentrations then decreased rapidly 

within 4 hours. Biokinetic parameters, obtained from Figure 3,  

showed significantly higher C
max

 values for N-Cal than B-Cal 

(Table 4). However, other parameters such as the AUC, T
1/2

, 

and MRT values of B-Cal and N-Cal were similar. After 

14 days of daily dosing, similar results were obtained (Figure 3;  

Table 4). T
max

 values for N-Cal and B-Cal were 1 and 2 hours, 

respectively, and high C
max

 values were obtained for N-Cal, 

whereas, T
1/2

 and MRT values were slightly higher for B-Cal. 

It should be noted that no abnormal behaviors, symptoms, or 

body weight changes were observed during the 14-day treat-

ment period. Absorption amounts calculated based on AUC 

values are presented in Table 4. About 4%–5% of B-Cal and 

N-Cal entered the blood stream, and this was unaffected by 

particle size, sex, or number of treatments.
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Figure 2 Plasma protein binding profiles of calcium carbonates separated by one-dimensional (A), and two-dimensional (B), gel electrophoresis.
Abbreviations: B-cal, bulk calcium carbonates; N-cal, nano calcium carbonates.

Table 3 list of the most abundant plasma proteins bound on B-cal and N-cal as determined by lc–Ms

MW pI B-Cal (spot number) No N-Cal (spot number) pI MW

25 5.7 Ig light chain (19) 1 Ig light chain (19) 5.7 25
70 5.4 Prothrombin (3) 2 apolipoprotein a-I preprotein (23) 5.5 30
55 4.6 Fetuin A (10) 3 apolipoprotein e (22) 5.5 36
29 4.8 Apolipoprotein D (18) 4 Prothrombin (3) 5.4 70
11 4.6 Apolipoprotein C-III (24) 5 Apolipoprotein A-IV precursor (13) 5.3 44
50 5.6 Fibrinogen gamma chain precursor (7) 6 Apolipoprotein C-III (24) 4.6 11
44 5.3 Apolipoprotein A-IV precursor (13) 7 Ig heavy chain (mu) (2) 6.0 72
58 5.4 Ig heavy chain (alpha) (8) 8 Fibrinogen gamma chain precursor (7) 5.6 50
72 6.0 Ig heavy chain (mu) (2) 9 Fetuin A (10) 4.6 55
48 4.7 alpha-2 acid-glucoprotein (14) 10 alanine aminotransferase 1 (9) 5.2 55
65 5.6 albumin (4) 11 Ig heavy chain (alpha) (8) 5.4 58
42 6.5 Fetuin B (16) 12 Fetuin B (16) 6.5 42
60 6.7 Fibrinogen alpha chain isoform 1  

precursor (5)
13 Fibrinogen alpha chain (1) 5.7 95

42 5.2 actin, cytoplasmic 2 (12) 14 Apolipoprotein D (18) 4.8 29
67 6.9 C4b-binding protein alpha chain (6) 15 Fibrinogen alpha chain isoform 1  

precursor (5)
6.7 60

51 6.2 P55 protein (fragment) (20) 16 C4b-binding protein alpha chain (6) 6.9 67
531 Plectin isoform (fragment) (17) 17 P55 protein (fragment) (20) 6.2 51
37 UDP-glucuronosyltransferase 2B17-like  

isoform X3 (15)
18 Unnamed protein (21) 30

Note: Proteins marked by bold font were found in B-cal and N-cal.
Abbreviations: B-cal, bulk calcium carbonates; Ig, immunoglobulin; lc–Ms, liquid chromatography–mass spectrometry; MW, molecular weight; N-cal, nano calcium 
carbonates; No, number; pI, isoelectric point.
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Figure 3 Plasma concentration-time curves (A–D) and tissue distribution (E, F) of calcium carbonates after a single (A, B), or 14 days of daily oral treatment (C–F) to rats.
Notes: Biokinetic data are presented as increase in calcium levels after subtracting the basal plasma calcium levels observed in untreated controls; (A) Biokinetics after 
administering a single dose to male rats; (B) Biokinetics after administering a single dose to female rats; (C) Biokinetics after 14-days of daily oral treatment in male rats;  
(D) Biokinetics after 14-days of daily oral treatment in female rats; (E) Tissue distribution in male rats; (F) Tissue distribution in female rats. (a) and (b) is used when there is no 
significant difference between two groups (control and N-Cal/N-Cal and B-Cal), but significant difference is found when three groups (control, N-Cal, B-Cal) are compared.
Abbreviations: B-cal, bulk calcium carbonates; N-cal, nano calcium carbonates.
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Tissue distribution patterns of B-Cal and N-Cal were 

evaluated in blood, brain, kidneys, liver, lungs, spleen, 

and ovaries or testis after 14-day repeated oral administra-

tion (Figure 3E–F). Significant increases in total calcium 

concentrations were observed only in the spleens of rats 

administered B-Cal or N-Cal. No accumulation was observed 

in any other organ.

Discussion
Increasing attention is being focused on nanomaterials in the 

food industry, in order to enhance the oral absorption effi-

ciencies and bioavailabilities of nutraceuticals, nutrients and 

bioactive molecules. N-Cal has been developed to increase 

the low oral absorption of calcium. However, the question 

as to whether the bioavailabilities of nanosized CaCO
3
 are 

greater than those with larger particle sizes remains to be 

answered. Moreover, the effects of protein corona formation 

on bioavailability need to be elucidated.

In this study, we evaluated the physicochemical 

properties, biological interactions, fates, and biokinet-

ics of bulk and nanosized CaCO
3
. B-Cal and N-Cal had 

the same calcite crystalline phase and similar chemical 

properties, but they had different particle sizes, size dis-

tributions, morphologies, and suspension properties in 

aqueous media. B-Cal had both small primary particles 

(~40 nm) and large particles (a few micrometers) and a 

heterogeneous size distribution in aqueous suspension with 

large agglomerates. On the other hand, N-Cal showed a 

homogeneous size distribution of primary size ~30 nm  

in both powder and suspension states, with a slight tendency 

to form agglomerates. The specific surface areas of B-Cal 

and N-Cal were 0.83 and 15.8 m2/g, respectively, showing 

larger specific surface area for nanosized sample. Further-

more, their Z-average values were 7,363 and 2,187 nm,  

respectively, which suggested quite different particle sizes in 

aqueous suspension. The zeta potential of N-Cal was posi-

tive in DW, as has been previously reported,30 while that of 

B-Cal was almost zero, which suggested the presence of a 

surface charge neutralizing organic moiety on the surface 

of B-Cal particles, as was also shown by infrared spectra 

(Figure S1; Table 1). Seashells have been reported to be 

composed of calcite–protein composites, in particular, with 

negatively charged proteins like conchiolin, thus neutralizing 

positively charged calcites to some extent under physio-

logical condition.32 These organic impurities may be not 

fully removed during the manufacturing process for B-Cal. 

Because the biological behaviors of materials are mainly 

governed by their surface interactions with biomatrices, the 

different zeta potentials, particle sizes, and specific surface 

areas of B-Cal and N-Cal could influence their interactions 

and biokinetic characteristics in physiological systems.

According to our results regarding biological interactions 

in 1) in vitro simulated body fluids, 2) rat ex vivo GI fluid 

and plasma, and 3) the in vivo GI fluid of rats administered 

B-Cal and N-Cal, CaCO
3
 was partially transformed to dical-

cium phosphate dihydrate in physiological fluids in vitro,  

ex vivo, and in vivo, as determined by XRD analysis. Decreases 

in peak intensity or the disappearance of the calcite diffraction 

peak in ex vivo and in vivo biofluids might have been caused 

by the disappearance of CaCO
3
 due to digestion, phase transfor-

mation, or dissolution. The evolution of the calcium phosphate 

phase from CaCO
3
 could importantly explain its biological 

behavior because the solubility product constants (K
sp

) of 

calcium phosphate (K
sp 

=2.07×10-33 at 25°C) is much smaller 

than that of calcite (K
sp 

=3.36×10-9 at 25°C). Furthermore, 

the formation of calcium phosphate on the surface of calcite 

could inhibit the further dissolution of Ca2+ and contribute to 

its low oral absorption. It should be noted that CaCO
3
 must be 

Table 4 Biokinetic parameters and absorption of calcium carbonates after oral administration to rats

B-Cal N-Cal

Single dose 14-day repeated dose Single dose 14-day repeated dose

Male Female Male Female Male Female Male Female

cmax (μg/ml) 18.0±3.8a,b 14.0±1.9a 16.2±2.4a 17.3±3.4a,b 22.8±3.6c 21.5±3.4b,c 20.2±2.0b 22.0±3.5b

Tmax (h) 2 2 2 2 1 1 1 1
aUc (h × μg/ml) 68.4±11.5 64.6±4.9 71.8±4.3 69.4±9.4 64.1±7.2 64.0±11.8 66.1±6.1 61.8±8.5
T1/2 (h) 2.7±0.4 3.0±0.6* 3.2±0.7b 3.7±0.1b,* 2.5±0.7 2.5±1.2 1.9±0.3a 2.0±0.8a

MrT (h) 4.6±1.3 4.8±0.7 5.1±0.7b 5.5±0.5b 4.1±1.3 4.2±2.1 4.2±0.3a 3.4±0.6a

absorption (%)d 4.6±0.8 4.3±0.3 4.8±0.3 4.6±0.6 4.3±0.5 4.3±0.8 4.4±0.4 4.1±0.6

Notes: a,b,cSignificant difference among four groups (male, female, single, or 14-day repeated dose) administered B-Cal or N-Cal; *Significant difference between single and 
repeated dose groups; dabsorption was calculated based on aUc values.
Abbreviations: aUc, area under the plasma concentration-time curve; B-cal, bulk calcium carbonates; cmax, maximum concentration; MrT, mean residence time; N-cal, 
nano calcium carbonates; T1/2, half-life; Tmax, time to maximum concentration.
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dissolved to enter the circulatory system as Ca2+.6 According 

to our in vitro dissolution test result (Table 2), much higher 

dissolutions of both B-Cal and N-Cal were found in gastric 

fluid than in intestinal fluid or plasma. The higher dissolution 

of CaCO
3
 under gastric condition is in good agreement with 

previous reports on pH dependent dissolution of CaCO
3
.33–35 

On the other hand, the dissolution of Ca2+ was not signifi-

cantly higher for N-Cal in vitro, whereas N-Cal was dissolved 

markedly more by ex vivo and in vivo fluids, in-line with 

expectation based on its considerably larger specific surface 

area (specific surface area =15.8 m2/g versus 0.83 m2/g). It is 

likely that in vitro simulated fluids do not completely reflect 

in vivo biological conditions, and thus caution is required to 

interpret in vitro results.

The particle size and morphology of N-Cal were gener-

ally well preserved in biological fluids, which was in good 

agreement with the low dissolution of Ca2+, although the 

particles found in all biofluids showed a smooth surface. The 

morphologic change of inorganic materials from a rough to 

a smooth surface is often observed when inorganic materials 

are covered with organic moieties.36–38 Thus, the smooth sur-

faces of B-Cal and N-Cal in physiological fluids observed in 

the present study could have been due to corona formation.

CaCO
3
 can interact with proteins to cause fluorescence 

quenching of proteins, particularly in in vitro and ex vivo 

systems, as shown in other nanoparticles.14,39,40 Biological inter-

actions between particles and proteins were more obvious for 

N-Cal than B-Cal based on fluorescence quenching assay results 

(Table 2); N-Cal had a three to four times higher quenching 

ratio. These results could be explained by the different specific 

surface areas of B-Cal and N-Cal and their different surface 

charges. Small particles with large specific surface area could 

interact more vigorously with proteins. Furthermore, proteins 

are generally a few nanometers long, which would tend to facili-

tate their interactions with particles tens of nanometers. In terms 

of surface charge, N-Cal with the positive zeta potential showed 

more effective interactions with proteins. The isoelectric points 

of albumin and pepsin are 4.7 and 1.0, respectively, and thus 

both would be attracted to the surface of positively charged 

N-Cal. Hence, both particle size and surface charge play critical 

roles in interaction between particles and biomatrices. On the 

other hand, no significant change in fluorescence intensities in 

GI fluid or plasma was observed after oral administration, sug-

gesting that the interaction between CaCO
3
 and biological matri-

ces was not strong in vivo, which contradicts our in vitro and  

ex vivo results. This may be closely related to dynamic GI flu-

idic condition containing various organic/inorganic biomatrices 

and major ionic uptake of CaCO
3
 in the blood stream.

Ex vivo proteomics analysis revealed that N-Cal interacts 

more actively with plasma proteins, as demonstrated by much 

high amount of adsorbed proteins on nanoparticles (Figure 2).  

In addition, the profiles of binding proteins differed for 

B-Cal and N-Cal, suggesting that biological interactions were 

dependent on particle size. It should be noted that different 

surface charge between B-Cal and N-Cal can also play a role 

in biological interaction. Because almost all plasma proteins 

are negatively charged in physiological fluids as shown in 

Table 3, positively charged N-Cal seems to interact more 

actively with plasma proteins. Furthermore, protein corona 

profiles were not matched by relative protein compositions 

in plasma, as has been reported by others.18 Interestingly, 

albumin, the most abundant protein in plasma, interacted only 

with B-Cal and at a relatively low level. Hu et al reported 

that serum albumin bound to 400 nm Fe
3
O

4
 particles, but not 

to 30 or 200 nm particles,41 which concurs with our results. 

According to our LC-MS/MS results, immunoglobulin, apo-

lipoprotein, thrombin, and fibrinogen are important compo-

nents of CaCO
3
-plasma protein coronas, regardless of particle 

size. It is worth noting that immunoglobulin participates in 

opsonization,42 promoting phagocytosis, and that this may be 

related to the accumulation of CaCO
3
 in spleen (Figure 3). 

Thrombin and fibrinogen are involved in coagulation and 

also have an impact on the immune system.43,44 In the present 

study, apolipoproteins were found to bind strongly to CaCO
3
, 

especially N-Cal. Apolipoproteins bind lipids or cholesterol 

to form lipoproteins and eventually transport lipids in the 

circulatory system.45 It has been reported that apolipopro-

teins are a major protein component of the plasma proteins 

adsorbed onto the hydrophobic surfaces of particles.46 Apo-

lipoproteins have been also reported to bind to many types 

of nanoparticles, such as, titanium dioxide, silicon dioxide, 

zinc oxide, iron oxide, hydrocarbonized porous silicon, and 

polymer nanoparticles.15,18,30,46 Taken together, plasma protein 

coronas appear to form in a particle size-dependent manner, 

and this may affect the transport and delivery of CaCO
3
 to 

target organs.

Biokinetic data showed rapid absorption of N-Cal as 

compared with B-Cal, based on its low T
max

 values (Table 4). 

B-Cal entered the blood stream more slowly, but the AUC 

values of the two materials were not significantly different.  

It is worth noting that high N-Cal dissolution was observed in 

ex vivo and in vivo fluids. Different dissolutions of B-Cal and 

N-Cal surely affect absorption at the systemic level since the 

oral absorption of CaCO
3
 is known to be highly dependent on 

the release of Ca2+ under acidic conditions and its absorption 

by intestinal epithelium. In particular, in vivo high dissolution 
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of N-Cal during the early period of postadministration is 

likely to be closely related to the faster absorption of N-Cal 

than B-Cal, as shown in Figure 3 and Table 4. However, 

the high dissolution of N-Cal did not enhance its total oral 

absorption, indicating that increased dissolution did not influ-

ence absorption efficacy, but rather, it determined absorption 

rate. Therefore, it is probable that N-Cal dissolves more rap-

idly than B-Cal in GI fluid, but that they are similar in terms 

of the release of total calcium ions over time. Meanwhile, the 

4%–5% oral absorption of CaCO
3
 was highly correlated to 

their in vivo dissolutions, which suggests that most CaCO
3
 

primarily enter the circulatory system as calcium ions, not as 

particulate forms. This result corresponds well to the known 

oral absorption of CaCO
3
 (about 4%),4 which supports it 

uptake as the calcium ion. On the other hand, the ionic fate 

of CaCO
3
 in the blood stream might explain the result that 

no particle–protein interaction was observed in vivo. After 

14 days of daily dosing, the oral absorptions of B-Cal and 

N-Cal did not increase, indicating that even N-Cal did not 

accumulate in the systemic circulation. Our tissue distribution 

study of CaCO
3
 was also consistent with their biokinetics, 

showing no accumulation in organs, except spleen, even after 

repeated administration. The slight increase in calcium levels 

in spleen might have been associated with particle uptake by 

mononuclear phagocyte system.

Conclusion
In the present study, the physicochemical properties, bio-

logical interactions, fates, and the biokinetics of food grade 

CaCO
3
 of different particle sizes, that is, bulk and nano, 

were evaluated. Partial phase transformation to dicalcium 

phosphate dihydrate was observed in both N-Cal and B-Cal 

particles, which is explained by the dissolution property of 

CaCO
3
 to release Ca2+ and then form CaHPO

4
. Both B-Cal 

and N-Cal remained in the particulate form in vitro and in 

vivo, regardless of particle size, although slight surface 

smoothing was observed in biological systems due to corona 

formation. N-Cal was found to interact more with proteins 

than B-Cal in in vitro and ex vivo systems, which seems 

to be related to its small particle size and positive surface 

charge, but the protein–particle interaction was not evident 

in vivo. Analysis of the adsorbed plasma proteins on B-Cal 

and N-Cal revealed that immunoglobulins, apolipoproteins, 

thrombins, and fibrinogens play important roles in protein 

corona formation, regardless of particle size. Our biokinetic 

study demonstrated that N-Cal was more rapidly absorbed 

into the systemic circulation, but that total oral absorption was 

unaffected by particle size. It is likely that rapid dissolution 

of N-Cal after early time of postadministration affects the 

absorption rate, but not the absorption efficiency. Meanwhile, 

the oral absorption of B-Cal and N-Cal matched to their dis-

solution properties, suggesting that most CaCO
3
 are likely 

to be absorbed as dissolved Ca2+. The ionic fate of CaCO
3
 at 

the systemic level may explain the fact that plasma protein 

corona formed differently by B-Cal and N-Cal in vitro and 

ex vivo had little effect on their absorption and distribution  

in vivo. However, particle–protein interactions can impor-

tantly determine the biokinetics of nanoparticles that are 

able to enter the blood stream as particulate forms. Taken 

together, we conclude that CaCO
3
 nanoparticles can function 

more actively with biological matrices in vitro and ex vivo, 

but that in vivo their biological interactions and biokinetics 

are not affected by particle size.
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Figure S1 XrD patterns (A) and FT-Ir spectra (B) of (a) B-cal and (b) N-cal.
Abbreviations: arb, arbitrary; B-cal, bulk calcium carbonates; FT-Ir, Fourier transform infrared; N-cal, nano calcium carbonates; XrD, X-ray diffraction.
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Figure S2 seM images for the produced B-cal (A, C) and N-cal (B, D).
Abbreviations: B-cal, bulk calcium carbonates; N-cal, nano calcium carbonates; seM, scanning electron microscopy.
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Figure S3 hydrodynamic size distributions of B-cal (A), and N-cal (B) in aqueous suspension as determined by dynamic light scattering.
Abbreviations: B-cal, bulk calcium carbonates; N-cal, nano calcium carbonates; PDI, polydispersity index
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Figure S4 Zeta potential distributions of B-cal (A), and N-cal (B).
Abbreviations: arb, arbitrary; B-cal, bulk calcium carbonates; N-cal, nano calcium carbonates.
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Figure S5 XRD patterns of B-Cal (a), and N-Cal (b), incubated in simulated body fluids: gastric fluid (A), intestinal fluid (B), and plasma (C) after 24 or 48 hours.
Note: asterisks indicate the evolution of dicalcium phosphate dihydrate (JcPDs No 72-0714).
Abbreviations: arb, arbitrary; B-cal, bulk calcium carbonates; JcPDs, Joint committee on Powder Diffraction standards; N-cal, nano calcium carbonates; XrD, X-ray 
diffraction; h, hours.
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Figure S6 XaNes at calcium K-edge for B-cal (A), and N-cal (B), treated with simulated body fluid, untreated (a) and gastric fluid (b), intestinal fluid (c) and plasma (d) 
for 48 hours.
Note: The inset table shows the edge position obtained by secondary differentiation of peak.
Abbreviations: arb, arbitrary; B-cal, bulk calcium carbonates; N-cal, nano calcium carbonates; XaNes, X-ray absorption near edge structure.

Figure S7 (Continued)
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Figure S7 XRD patterns of B-Cal (a) and N-Cal (b) incubated ex vivo in fluids extracted from tissues: gastric fluid (A), intestinal fluid (B), and plasma (C).
Note: asterisks indicate the evolution of dicalcium phosphate dihydrate (JcPDs No 72-0714).
Abbreviations: arb, arbitrary; B-cal, bulk calcium carbonates; JcPDs, Joint committee on Powder Diffraction standards; N-cal, nano calcium carbonates; XrD, X-ray 
diffraction; h, hours.

Figure S8 (Continued)
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Figure S9 XrD patterns of B-cal (a), and N-cal (b), obtained from stomach (A), and intestine (B) following oral administration to rats.
Note: asterisks and triangles indicate dicalcium phosphate dihydrate (JcPDs No 72-0714) and calcite, respectively.
Abbreviations: arb, arbitrary; B-cal, bulk calcium carbonates; JcPDs, Joint committee on Powder Diffraction standards; N-cal, nano calcium carbonates; XrD, X-ray 
diffraction; h, hours.

Figure S8 SEM images of B-Cal (a) and N-Cal (b) after incubation ex vivo in tissue extracted fluids: gastric fluid for 1 hour (A), intestinal fluid for 4 hours (B), and plasma 
for 4 hours (C).
Abbreviations: B-cal, bulk calcium carbonates; N-cal, nano calcium carbonates; seM, scanning electron microscopy.
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Figure S10 seM images of B-cal (a) and N-cal (b) obtained from stomach at 1 hour postadministration (A), and intestine at 4 hours postadministration (B).
Abbreviations: B-cal, bulk calcium carbonates; N-cal, nano calcium carbonates; seM, scanning electron microscopy.
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