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A novel method of preparing CaCO3 nanoparticles using a 

starch-octanoic acid micelle as the template was engineered. 

The CaCO3 nanoparticles engineered via this method 

displayed stable physiochemical properties, high drug-

encapsulation efficiency, low cell cytotoxicity and an 10 

intracellular pH-sensitive release profile, which indicate the 

potential for further application. 

Targeted drug delivery systems (TDDSs) are advanced drug 

delivery systems through which drugs accumulate into a targeted 

tissue, organ, cell or intracellular organelle after administration. 15 

TDDS has numerous advantages for drug delivery, including a 

higher drug concentration in the targeted site, longer action time, 

and reduced toxicity and drug dose.  

However, TDDS is not yet commonly used in the clinic, 

mainly because of the limitations of target distribution and 20 

insufficient drug release at the targeted site. To solve these 

problems, various drug carriers with environmentally sensitive 

properties were explored 1. pH sensitive drug carriers may be the 

most widely used variety. The physiological basis for pH 

sensitive targeted delivery is that tumor sites are more acidic than 25 

normal tissues 2, 3, and intracellular organelles such as endosomes 

and lysosomes also have a low pH value (~4.5) 2. Various 

nanosized pH sensitive carriers have been developed, including 

dendrimers 4, 5, liposomes 6, 7, micelles 8-11, and polymeric 

nanoparticles 12. These carriers display excellent pH sensitivity, 30 

yet their use in physiological conditions is limited because of 

their organic composition. In this respect, inorganic materials are 

superior 13 and easy to synthesize 14. 

Calcium carbonate (CaCO3) is a common endogenic inorganic 

compound with good solubility in acid, which make it a potential 35 

pH sensitive drug carrier. Drug-loaded CaCO3 nanoparticles are 

stable in neutral and weakly basic environments, meaning that 

there would be minimal or no drug release in systemic circulation. 

When the nanoparticles reach the tumor site or enter tumor cells, 

which are both weak acidic environments, the CaCO3 40 

nanoparticles become degraded, releasing the drug 15. CaCO3 

nanoparticles have a high specific surface area, are easy to 

synthesize and modify, have low bio-toxicity, are not 

environmentally toxic 16, 17 and have been used in TDDS 18-22. A 

number of templates are used to regulate the preparation of 45 

CaCO3 nanoparticles, such as starch15, polyelectrolyte 23, 24, 

stearic acid monolayer 25, and protein26.  

In this study, a starch-octanoic acid chemical conjugate (ST-

OA) was synthesized as a novel template to improve drug loading 

and the pH-sensitive drug release of CaCO3 nanoparticles 50 

(Scheme 1). Starch-octanoic acid was synthesized via an ester 

linkage between the hydroxyl group of a glucose monomer and 

the carboxyl group of octanoic acid.  

Scheme 1. The preparation schemes of CaCO3 nanoparticles using starch 

and starch-octanoic acid templates. 55 

Figure 1. (a) 1H-NMR spectra of octanoic acid, starch and starch-octanoic 

acid; (b) TEM images of starch-octanoic micelles. 

 

Fig. 1a shows the 1H-NMR spectra of octanoic acid, starch and 

synthesized starch-octanoic acid. The characteristic peak of the 60 

carboxyl (-COOH) in octanoic acid appeared at 11.964 ppm, the 

peak of methylene adjacent to carboxyl appeared at 2.184 ppm, 

and the methyl (-CH3) and methylene (-CH2) in octanoic acid 

ranged from approximately 1.2-1.5 ppm. The characteristic 

hydroxyl (-OH) peak of starch appeared at 1.2 ppm, and the 65 

hydrogen on the pyranoid ring appeared between 3.6-5.5 ppm 
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(3.7, 4.6, 5.1, 5.4, 5.5 ppm). In the spectrum of the synthesized 

product, the peak of hydrogen on the pyranoid ring and the peaks 

of methyl (-CH3) and methylene (-CH2) in octanoic acid (1.5-2.0 

ppm) remained (the red box). The characteristic peak of the 

carboxyl disappeared, while the peak signal strength of the 5 

hydroxyl (-OH) on starch decreased (the red box), indicating that 

the carboxyl had been replaced and the starch was partly grafted 

to octanoic acid.  

Starch-octanoic acid is composed of hydrophilic starch and 

hydrophobic octanoic acid and forms micelles at the critical 10 

micelle concentration (CMC) by self-assembly. The CMC value 

was determined to be 40.6 µg•mL-1 (Fig. S1). The morphology of 

the micelles was observed using a transmission electron 

microscope (TEM). The ST-OA micelles exhibited a spherical 

shape, and their sizes were distributed narrowly between 30-40 15 

nm (Fig. 1b).  

CaCO3 nanoparticles were prepared using a 0.25% starch 

solution and ST-OA micelle dispersions at various concentrations 

(0.25%, 0.125% and 0.0625%) labeled as Blank-A, Blank-B, 

Blank-C, Blank-D, respectively. The nanoparticles were 20 

evaluated using infrared spectrum analysis (Fig. S2), and their 

physicochemical properties were also determined. The size 

measurement results are shown in Table 1. The size distribution 

of the four blank nanoparticles was similar, approximately 420 

nm. The morphologies of the blank nanoparticles were also 25 

observed using scanning electron microscopy (SEM) (Fig. S3) 

and TEM (Fig. 2 a-d). The images indicated that the sizes were 

well distributed between 400-500 nm and the nanoparticles were 

sphere shaped. 

Table 1. Physicochemical properties of prepared blank and DOX-loaded 30 

CaCO3 nanoparticles. 

 Size (nm) PI EE (%) 
Blank-A 413±47.4 0.088 -- 

Blank-B 423±43.8 0.113 -- 

Blank-C 410±48.5 0.064 -- 

Blank-D 412±49.5 0.124 -- 

DOX loaded-A 576±67.5 0.039 8.38±0.34 

DOX loaded-B 483±67.5 0.155 13.05±0.52 

DOX loaded-C 548±48.0 0.132 16.46±1.03 

DOX loaded-D 579±85.8 0.183 19.83±0.74 

Doxorubicin is a widely researched anticancer drug 26, 27. 

Doxorubicin (DOX)-loaded nanoparticles were prepared and 

labeled as DOX loaded-A, DOX loaded-B, DOX loaded-C, and 

DOX loaded-D.The drug encapsulation efficiencies of the DOX-35 

loaded nanoparticles are shown in Table 1. The EE% of the DOX-

loaded nanoparticles formed in starch solution was 8.375%, 

which was significantly lower than that of the nanoparticles 

formed in starch-octanoic acid micelle templates. The EE% of 

DOX-loaded B, C, and D nanoparticles were 13.05%, 16.46% 40 

and 19.83%, approximately 1.6-, 2- and 3-folds of DOX-loaded-

A nanoparticles, respectively. The morphology of the DOX-

loaded nanoparticles was observed with a scanning electron 

microscope (SEM). As shown in Figure 2 (e-h), the nanoparticles 

exhibited a spherical shape, and their sizes were distributed at 45 

approximately 500 nm, which are similar to the results found by 

Zetasizer (Table 1). Moreover, as shown by the SEM images (Fig. 

2, f, g and h), the B, C and D nanoparticles had rough surfaces, 

which were formed from smaller CaCO3 nanoparticles. The 

increased drug encapsulation efficiency of the CaCO3 50 

nanoparticles templated by ST-OA micelle dispersion was due to 

their morphology, which had a larger specific surface area.  

After loading, the sizes of the DOX-loaded A, B, C, and D 

nanoparticles were 576 nm, 483 nm, 543 nm and 579 nm, 

respectively (Tab. 1), which were larger than the blank 55 

nanoparticles. The increased size might originate from the drug 

loading. Notice that the size of the DOX-loaded nanoparticles 

templated by the ST-OA micelle dispersion increased with drug 

loading. At the end of the drug loading, the size of the DOX-

loaded nanoparticles templated by the ST-OA micelle dispersion 60 

was smaller than that of those templated by starch, which might 

indicate a higher stability of the CaCO3 nanoparticles prepared 

using the ST-OA micelle dispersion. 

Figure 2. TEM and SEM images of the blank and DOX-loaded CaCO3 

nanoparticles synthesized using a 0.25% starch solution (a, e) or 0.25%, 65 

0.125%, and 0.0625% starch-octanoic acid micelle dispersions (b and f; c 

and g; d and h). The bars represent 0.5 µm. 

 

Figure 3a shows the release of DOX from the DOX-loaded 

nanoparticles at pH 7.4. The nanoparticles formed in starch 70 

exhibited a faster release, but less DOX was released overall. The 

cumulative drug-release percentage of the DOX-loaded-A 

nanoparticles was less than 25% after 72 h, indicating that 

minimal DOX would be released from the nanoparticles in 

general circulation. The performance of the nanoparticles formed 75 

in starch-octanoic acid micelle dispersions was extremely similar. 

Before 12 h, almost equivalent amounts of DOX were released, 

while nearly no DOX was released after 12 h. This effect may be 

caused by the quick release of the DOX adhered to the surface of 

nanoparticles, while the 80 

Figure 3. In vitro drug release profiles of DOX-loaded nanoparticles in 

different pH medium: (a) In pH 7.4 PBS for 72 h; (b) In pH 4.5 PBS for 

72 h; (c) In pH 7.4 PBS for the first 6 h and in pH 4.5 PBS for 72 h 

thereafter; (d) In pH 7.4 PBS for the first 6 h and in pH 4.5 PBS for 12 h 
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thereafter (this figure was enlarged from figure (c)). (n=3) 

loaded DOX does not release in these conditions. In pH 4.5 

medium, the DOX released from the nanoparticles clearly 

increased in first 12 h and gradually plateaued thereafter. 

Approximately 65% of the DOX loaded into the A nanoparticles 5 

was released, less than that of the B, C, and D nanoparticles (70%, 

81%, and 84%, respectively) after 72 h. To simulate the in vivo 

transport of the CaCO3 nanoparticles, a drug release assay was 

conducted at pH 7.4 for the first 6 h and at pH 4.5 for the next 72 

h. For the first 6 h, the release of DOX from the different 10 

nanoparticles was similar at pH 7.4. However, after 6 h, the 

DOX-loaded-C and D nanoparticles released more DOX. At 72 h, 

approximately 50% and 60% DOX was released from C and D 

nanoparticles, respectively. The final drug release in the dual pH 

mediums experiment was lower than in the pH 4.5 medium only 15 

experiment, possibly because in the pH 7.4 medium the Ca2+ and 

PO4
3- formed Ca3(PO4)2, which was less soluble. Ca3(PO4)2 may 

adhere to the surface of the nanoparticles and obstruct drug 

release. These results prove these four CaCO3 nanoparticles can 

be used for targeted drug delivery based on different pH 20 

environments and that the CaCO3 nanoparticles formed in the 

0.125% and 0.0625% starch-octanoic acid template dispersions 

are most feasible.  

An intracellular uptake assay in A549 cells was then 

conducted. After incubation with DOX•HCl or DOX-loaded 25 

nanoparticles for 1 or 3 h, the cells were washed and observed 

using an inverted fluorescence microscope (Fig. 4a). The cellular 

uptake of the Dox-loaded nanoparticles was time dependent, and 

the Dox-loaded-B nanoparticles had a faster cellular uptake 

ability, possibly because the DOX-loaded-B nanoparticles had the 30 

smallest size. It has been proven that a small particle size 

contributes to endocytosis.  

Figure 4. (a) The fluorescence after A549 cells were incubated with 

DOX-loaded nanoparticles for 1 or 3 h; (b) and (c) cell viabilities after 

A549 cells were incubated with blank CaCO3 nanoparticles (b) or DOX-35 

loaded CaCO3 nanoparticles (c) for 48 h. The untreated cells were used as 

a positive control. The experiments were repeated three times (n=3). 

 

Figures 4b and 4c show the cytotoxicities of blank and DOX-

loaded CaCO3 nanoparticles, respectively. The cell viabilities 40 

after incubation with blank nanoparticles for 48 h at the tested 

concentration were above 70%, showing that CaCO3 

nanoparticles had no obvious cytotoxicity and were appropriate 

for use as drug carriers. The DOX-loaded-C nanoparticles 

showed more cell toxicity than DOX•HCl, and their IC50 was 45 

0.0391µg•ml-1. The IC50 of DOX•HCl and the DOX-loaded-A, B, 

and D nanoparticles were 0.0723, 0.0769, 0.0584 and 1.713 

µg•mL-1, respectively. The low IC50 of the DOX-loaded-C 

nanoparticles may be because of the higher cellular uptake and 

faster drug release at the lower pH. Although the DOX-loaded-D 50 

nanoparticles had the fastest drug release at the lower pH, its 

cellular uptake was too slow. The results indicate that DOX-

loaded nanoparticles are effective inhibitors of tumor cell growth, 

especially the DOX-loaded-C nanoparticles. Compared to 

DOX•HCl, the DOX-loaded-A and B nanoparticles performed 55 

slightly better, while the DOX-loaded-D nanoparticles did not. 

Conclusions 

The CaCO3 nanoparticles prepared using a starch-octanoic 

acid micelle dispersion as the template had higher DOX 

encapsulation efficiencies, faster tumor cellular uptake and a 60 

rougher surface to achieve faster drug release under acidic 

conditions. These properties allow for in vivo antitumor targeted 

drug delivery. 
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