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Abstract 

A smart nanocarrier system for cancer therapy, based on a recently developed technique for 

preparing pure nanometric calcium carbonate (CaCO3), was studied. Different approaches 

were used to obtain sustained release of cisplatin: at first, pure CaCO3
 nanoparticles were 

evaluated as carriers, then the nanoparticles were functionalized with polymer or silanes, and 

finally they were employed as a substrate to build layer by layer (LbL) self-assembled 

polyelectrolyte nanocapsules. Loading efficiency and release kinetics were measured. The 

best loadings were obtained with the LbL nanocapsules, allowing for high loading efficiency 

and the possibility of controlling the release rate of the drug. The behavior of all the carriers 

was evaluated on four neoplastic cell lines, representative of different types of neoplastic 

disease, namely MCF-7 (breast cancer), SKOV-3 (ovarian cancer), HeLa (cervical cancer) 

and CACO-2 (human epithelial colorectal adenocarcinoma). Negligible cytotoxicity of the 

nanoparticles, functionalized nanoparticles, and nanocapsules was observed in experiments 

with all cell lines. Nanocapsules were functionalized with fluorescein isothiocyanate (FITC) 

in order to track their kinetic of internalization and localization in the cell line by confocal 

laser scanning microscopy (CLSM). The cytotoxicity of the loaded capsules was evaluated, 

showing cell survival rates close to those expected for non encapsulated cisplatin at the same 

nominal concentration. 
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1. Introduction  

Nano-sized drug carriers like polymer conjugates, liposomes, micelles, dendrimers, inorganic 

or other solid particles, and many others brought important contributions to cancer therapy 

over the last decade.[1, 2] Advantages of such nanocarriers lie in their ability to improve drug 

solubility, prolong systemic drug half-life, provide means for sustained and environmentally 

responsive drug release, enable tumor specific delivery, reduce immunogenicity and systemic 

side effects, suppress development of drug resistance and also deliver simultaneously two or 

more drugs for combined therapy.[3] 

Among the large variety of nano/microparticles described in literature and optimized to 

increase efficacy and improve the delivery into cancer cells, one can find calcium carbonate 

(CaCO3). Calcium carbonate is an extremely important biomaterial whose behavior is driven 

by its defined proprieties, such as morphology, structure, size, specific surface area and 

chemical purity. In our previous work we demonstrated that calcium carbonate microparticles 

can be considered an ideal drug carrier due to their excellent biocompatibility and ability to 

readily penetrate cancer cells.[4] Furthermore they allowed us to engineer microcapsules of 

polyelectrolytes multilayers starting from calcium carbonate micro-core templates, capable to 

encapsulate various classes of drug molecules, by using polymers that are biodegradable or 

that can respond and release their payload in response to well-defined stimuli.[5-7] To respond 

to the requirements of the biomedical field to delivery anti-tumor drugs, we have developed a 

smart method for the synthesis of particles of calcium carbonate of nanometric dimensions. 

This spray drying method allows to synthesize pure and thermodynamically stable nano 

calcium carbonate by a fast and atom economic method.[8] The technique is easily scalable 

allowing at the same time to tune the size and morphology without surfactants or other 

chemical species commonly used to stabilize the mixture and the reaction product. 
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In this work the nanometric CaCO3 is used as both template and as direct carrier to load the 

most widely used platinum-based anti-neoplastic agent, cis-dichloro diammineplatinum(II) 

(cis-[PtCl2(NH3)2], cisplatin).[9] It is a potent drug that is usually administered intravenously 

for treatment of solid malignancies.[10] Apart from its well established clinical value, it is one 

of the few approved transition-metal-based drug, inspiring generations of inorganic chemists 

to pursue application of their research in medical sciences.[11] However, a major obstacle to 

more widespread use of cisplatin is the persistence of severe toxic side effects.[12] Other 

disadvantages associated with cisplatin clinical use include short circulation period in the 

blood due to glomerular excretion,[13] intrinsic or acquired resistance of some tumors to the 

drug and limited aqueous solubility (1.0 mg/mL).[14] Cisplatin undergoes ligand exchange 

reactions kinetics which are largely determined by the nature of the leaving groups. In 

biological fluids cisplatin can react irreversibly with a variety of nitrogen- and sulphur-

containing biomolecules that reduce its therapeutic concentration.[15, 16] However, cisplatin 

also reacts with weaker nucleophiles, i.e. carboxylate ions, and the resulting species are able 

to undergo the reverse exchange reaction with chloride ions to regenerate cisplatin at 

physiological salt concentrations. It is estimated that up to 90% of cisplatin binds to plasma 

proteins,[17] and as low as 1% of intracellular cisplatin manages to actually interacts with 

DNA[18, 19] to give the intrastrand cross-links between adjacent purines,[20] the lesions 

considered to be responsible[21] for the antitumoral activity. Creating a drug delivery system 

able to reduce the drug loss on the way could and targeting the cell would therefore be a dual 

advantage. We have investigated several ways to load the cisplatin into systems based on 

CaCO3. The results reported demonstrated how the loading efficiency can be changed 

exploiting the calcium carbonate features, functionalizing their surface by silane, covering it 

with polymers in order to create a capsule.[6] The latter strategy was the one that gave the best 

results. The polymeric nanocapsules were obtained according the layer by layer technique 

(LbL), a method used widely to fabricate hollow multilayered capsules by depositing 
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polyelectrolytes onto cores afterwards sacrificed after film formation.[22-31] The majority of 

polyelectrolyte capsules described in literature are composed of pairs of synthetic not 

biodegradable polymers (e.g. polystyrenesulfonic acid and polyallylamine hydrochloride, PSS 

and PAH), or composed of biocompatible and biodegradable (e.g. protamine and dextran 

sulfate, PRM and DXS) polymers, which are more suitable to medical therapy. Of the two 

pairs of polyelectrolytes we selected, PRM/DXS and protamine/alginate (PRM/ALG), the 

best loading efficiencies were obtained with the latter. 

 

2. Experimental Section  

2.1. Chemicals 

The following reagents were used (abbreviations, if used, and source in parentheses): dextran 

sulfate sodium salt from Leuconostoc s (DXS, Sigma, USA), protamine sulfate salt, grade III 

(PRM, Sigma, USA), polystyrenesulfonate sodium salt (PSS, Sigma, USA), alginic acid 

sodium salt (ALG, Sigma, USA), calcium chloride dehydrate 99.99% (CaCl2•2H2O, Aldrich, 

USA), sodium hydrogen carbonate (NaHCO3, pro analysis, Merck, Germany), 

ethylenediaminetetraacetic acid disodium salt 99+% (EDTA, Sigma, USA), fetal bovine 

serum (FBS, Sigma, USA), penicillin-streptomycin solution (Sigma, USA), sodium pyruvate 

(Sigma, USA), DMEM medium (Sigma, USA), [4,5-dimethylthiazol-2-yl]-2,5- diphenyl 

tetrazolium bromide ≥ 97.5% TLC (MTT, Sigma, USA), phosphate buffer solution, Dulbecco 

A (PBS, Oxoid), sephadex G25 (Sigma, USA), fluorescein isothiocyanate, isomer I (FITC , 

Aldrich, USA). 

 

2.2.  Synthesis of nano-CaCO3  

Pure CaCO3 nanoparticles were synthesized by an atomization process[8], which involves the 

mixing of two aqueous solutions: NaHCO3 and CaCl2 at molar ratio 2:1 (Scheme 1). The 

reaction is carried out in atmosphere and temperature-controlled. 
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Scheme 1. Chemical reaction 

 

The two solutions are mixed using two pumps which allow a fine control of flow rate of each 

reagents. Then they are atomized in a hot air flow at 140°C. The high temperature causes a 

rapid evaporation of the reaction mixture water, and allows the direct production of the 

powder of calcium carbonate and of sodium chloride, which are accumulated in a collection 

vessel; the reaction by-product (NaCl) can be easily removed by means of later water 

washings. 

 

2.3. Silane modification of nano-CaCO3 

A minimal amount of anhydrous ethanol was added to the nano-calcium carbonate power. 

Then, the mixture was ultrasonic dispersed for 30 min. Under vigorous magnetic-stirring at 

30°C, 0.75 mL silane (Aminopropyltriethoxysilane, APTES, methyltrimethoxysilane MTMS 

or methyltriethoxysilane MTES) solution was added drop wise. After stirring at 30°C for 

another 5 h, the mixture was centrifuged at 4000 rpm/min for 15 min to separate the APTES, 

MTMS, or MTES modified nano-calcium carbonate from the reaction medium. Finally, the 

silane modified nano-calcium carbonate was washed with ethanol for 5 times, dried at 

vacuum and kept for application. 

 

2.4. Capsules Fabrication  

Polyelectrolyte nanocapsules were prepared by alternating incubation of CaCO3 nanoparticles 

in DXS and PRM aqueous solutions (2.0 mg mL-1), or in ALG and PRM solutions (2.0 mg 
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mL-1). The pH of the polymer solutions was adjusted to 6.5 by addition of HCl/NaOH. 

Capsules were fabricated in a two-step procedure. In a first step, the CaCO3 nanoparticles 

were coated by using a LbL technique. 1.0 mg of powder of CaCO3 were dispersed in a 

solution containing the polyanion (DXS or ALG). The dispersion was continuously shaken for 

10 min. The excess polyanion was removed by three centrifugation/washing steps with 

deionized water. Thereafter, 1.0 mL of solution containing the polycation (PRM) was added 

and the dispersion was continuously shaken for 10 min, followed again by three 

centrifugation/washing steps. This procedure was repeated several times for each 

polyelectrolyte resulting in the deposition of four or six polyelectrolyte layers on the CaCO3 

particles. Coated colloids were cross-linked by 0.5% glutaraldehyde (GA) at room 

temperature (20-25°C) for 30 minutes followed by three centrifugation/washing steps. In a 

second step, the CaCO3 core was removed by complexation with EDTA. Cross-linked coated 

particles were shaken for 2 min with 1.0 mL of a 0.2M EDTA solution pH 5.5 was adjusted 

by HCl, followed by centrifugation and redispersion in 1.0 mL of a fresh EDTA solution pH 

7.5. The hollow nanocapsules obtained in this way were washed four times with deionized 

water and stored at 4°C in water. To fabricate capsules with fluorescent-labeled 

polyelectrolytes, the same procedure was used with DXS-FITC. In order to study the 

localization and internalization of these nanoparticles, polymeric colloids of nano-CaCO3 

nanoparticles were prepared using a couple of synthetic polyelectrolytes, PSS and PAH-FITC. 

 

2.5. Transmission Electron Microscopy (TEM) 

TEM images were recorded with a Jeol Jem 1011 microscope operated at an accelerating 

voltage of 100 kV. We prepared samples for analysis by dropping a dilute nanoparticles 

dispersion in water onto carbon-coated copper grids and then allowing water to evaporate. 

 

2.6. Cell culture  
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MCF-7 (human breast cancer), HeLa (human cervical cancer), SKOV-3 (human ovarian 

cancer), and CACO-2 (human epithelial colorectal adenocarcinoma) cell lines were used. 

Cancer cell lines were maintained in DMEM medium supplemented with FBS (10%), 

penicillin (100 U/mL culture medium), streptomycin (100 μg/mL culture medium), glutamine 

(5%). Cells were grown in a humidified incubator at 37°C, 5% CO2, and 95% relative 

humidity. Cell lines were serum-starved for 24h before any test. 

 

2.7. Cytotoxicity assays 

All cell lines were used in the general cytotoxicity test. The MTT system measuring the 

activity of living cells via mitochondrial dehydrogenase activity. The key component is 3-

[4,5-dimethylthiazol-2-yl]-2,5- diphenyl tetrazolium bromide or MTT. Mitochondrial 

dehydrogenases of viable cells cleave the tetrazolium ring, yielding purple MTT formazan 

crystals which are insoluble in aqueous solutions. Naked or functionalized CaCO3, at the 

concentration of 1mg/mL, or cisplatin loaded-capsules suspension, at a concentration of 0.5 

mg/mL, was diluted with complete culture medium. The MTT method of cell determination is 

most effective when cultures are prepared in multiwall plates. Cells (105 cells/mL) were added 

to 24-well culture plates at 1000 μL/well, serum-starved for 24h, and incubated at 37°C in 5% 

CO2, 95% relative humidity for 48 hours with the microcapsules suspension. The control was 

a complete culture medium. After an appropriate incubation period, cultures were removed 

from incubator and a MTT solution in an amount equal to 10% of the culture volume was 

aseptically added. Cultures were returned to incubator and incubated for 3 hours. After the 

incubation period, cultures were removed from incubator and the resulting MTT formazan 

crystals were dissolved with dimethysulfoxide (DMSO). The plates were ready within 15 min. 

After the incubation time, pipetting up and down was required to completely dissolve the 

MTT formazan crystals. Absorbance at wavelength of 570 nm was spectrophotometrically 
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measured using the ELISA plate reader. Results were expressed as mean ± S.D. of three 

separate trials. 

 

2.8. Confocal Laser-Scanning Fluorescence Microscopy (CLSM) 

Laser scanning confocal microscopy was performed on a Zeiss LSM700 (Zeiss, Germany) 

confocal microscope equipped with an Axio Observer Z1 (Zeiss, Germany) inverted 

microscope using an objective 100×, with 1.46 numerical aperture oil immersion lens for 

imaging. Laser beams with 405, 488 and 542 nm excitation wavelengths were used for 

Hoechst, labeled nano-CaCO3, and cytoskeleton, respectively. 

Cancer cell lines (5x104) were seeded onto 35 mm glass bottom Petri Dish and incubated 

over-night. The cells were incubated with the fluorescent calcium carbonate nanoparticles for 

3 hours in dark in a humidified incubator at 37°C, 5% CO2, and 95% relative humidity. The 

cells were then rinsed with PBS, fixed with glutaraldehyde 0.25% and the images were 

examinated under confocal microscope. 

 

2.9. ζ-potential measurement 

The electrophoretic mobility of the nanoparticles was measured by using a Malvern Nano 

ZS90 (Malvern Instruments, UK). The potential analysis of particles was carried out by Laser 

Doppler Velocimetry (LDV), with an appropriate sample dilution in ultra-pure water. 

Representative measurements of three distinct set of data have been reported ± S.D. 

 

2.10. Uptake efficiency  

The uptake efficiency was investigated according to J. Zhang, et al.[32] MCF-7, SKOV-3, 

HeLa and CACO-2 cells were transferred to 24-well culture plates (105 cells/mL). The culture 

medium was replaced by phosphate-buffered saline 1x (PBS, pH 7.4) and pre-incubated at 

37°C for 30 minutes. After equilibration, cellular uptake of capsules was initiated by 
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exchanging the transport medium with capsules suspension 0.5mg/mL in PBS 1x and 

incubated at 37°C for different time point up to 2 hours. The experiment was terminated by 

washing the cells three times with 5 mL ice-cold PBS 1x, after which 0.1% Triton X-100 in 

0.2 M NaOH solution was added to lyse the cells. Cell-associated FITC-capsules were 

quantified by analyzing the cell lysate in a fluorescence plate reader (λex 485 nm, λem 528 nm). 

Uptake efficiency was then calculated by following formula:  

Uptake efficiency (%)= (Wsample/Wtotal)*100   

Where Wsample is the amount of FITC associated to cells, Wtotal is the amount of FITC 

associated to the initial suspension. 

 

2.11. Cisplatin loading and quantification by inductively coupled plasma atomic 

emission spectroscopy (ICP) 

Cisplatin (50 – 75 – 150 µM) was added to an aqueous solution containing naked or 

functionalized calcium carbonate nanoparticles, or polymeric nanocapsules, followed by 

stirring of the mixtures for 24h at room temperature. Unbound cisplatin was removed by 

dialysis against deionized water for 5 hours using membrane with MWCO 3500. 

After washing and centrifugation, drug loading were calculated in the supernatant by ICP. For 

each concentration was constructed a calibration line, using 4 points for each line. Loading 

percentage is defined as the number of cisplatin ppt in solution after loading divided by the 

number of cisplatin ppt in solution before loading. [cisplatin] is defined as the initial 

concentration of cisplatin. ICP experiments were performed with Thermo Scientific iCap 600 

series ICP-OES. 

 

2.12. Release kinetics  

The release kinetics was evaluated in phosphate buffer at physiological pH. The release 

experiments were performed using 0.5 mg of polymeric nanocapsules in 10 mL of phosphate 
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buffer saline solution (PBS, pH 7.4) at 37°C. The concentration used (0.5mg/10mL) was the 

same used in the cytotoxicity experiments. Polyelectrolytes capsules loaded with cisplatin 

were constantly stirred in order to increase the release rate and to establish equilibrium 

condition. Separate tubes were used for each time. At each time point, 500 µL release media 

was replaced with the same volume of fresh release media. At selected time intervals, loaded 

particles or capsules were separated by centrifugation. The supernatant was collected and the 

cisplatin content in the supernatant was determined by ICP analysis, according to a standard 

calibration curve of platinum. 

 

3 Experimental Section  

3.1 Synthesis and characterization of calcium carbonate nano-crystals 

The crystalline phase obtained during synthesis of calcium carbonate can be influenced by 

other factors than temperature, such as surfactants, other ions and pH.[33-37] In the present 

case, the carbonate source used was NaHCO3 instead of the more commonly used Na2CO3, 

creating a mildly basic environment in the droplets generated during the spray drying process. 

Homogeneous spherical nanoparticles of calcite (Powder X-ray diffraction patterns in Fig. 

SM1) could be produced by means of this synthetic technique. Morphological 

characterization was obtained by electron microscopy analysis.  

As shown in tunnel electron microscopy (TEM) images (Fig. 1 and Fig. SM2) the 

nanoparticles have an ellipsoidal shape. A statistical analysis of particles’ size using 20 TEM 

images was performed, using the Image-J V1.49 software to measure 10 randomly sampled 

nanoparticles in each image, for a total of 200 size measurement. For each of the 

nanoparticles, major and minor diameter were separately measured. The average of 

measurements of major diameter was 93 ± 9 nm and the minor 35 ± 10 nm (average ± S.D. of 

all measurements). 
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During synthesis procedures high temperature causes a rapid evaporation of the reaction 

mixture water, and allows the direct production of the powder of calcium carbonate and of 

sodium chloride, which are accumulated in a collection vessel; the reaction by-product (NaCl) 

can be easily removed by means of later water washings.  

Fig. 1. (a) TEM characterization of nanoCaCO3 nanoparticles, (b) magnification of (a) image. 

 

To check the stability of nanoparticles the ζ Potential was evaluated by means of 

electrophoretic light scattering (ELS). CaCO3 nanoparticles were suspended in ultra-pure 

water, phosphate buffer saline (pH 7.4) or in culture medium. 

The ζ-potential in function of pH was measured and nanoparticles surface charge was 

monitored at different pH (2−10) by adding 0.1 M HCl or NaOH to the suspension. As can be 

seen from the graph in Fig. 2, the surface charge of the nano-CaCO3 shifts to positive side 

with the decrease in pH. This change in the potential is the result of the decrease in the 

carbonate ion concentration, [CO2
-], caused by its protonation, i.e. the increase in the Ca2+ 

concentration. 
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Fig. 2 Variation of ζ-potential of nano-CaCO3 measured in different dispersant: (square) 

ultra-pure water, (circle) culture media and (triangle) PBS buffer. Averages of 3 

separate measurements. 

 

Furthermore, at a physiological pH of 7.4, the samples exhibited a good dispersion in ultra-

pure water (222.7 nm ± 9.2 nm ) and in PBS buffer (188.8 nm ± 4.4 nm) as suggested by the 

high polydispersity index (PDI) values (around 0.2-0.3). Bigger aggregates having a wide 

range of diameters (300-380 nm) were found in culture medium, with PDI values around 0.6-

0.7 because of protein corona absorption. 

 

3.2 Silane modification 

Due to the large amount of hydroxyls (-OH) on the surface of nano-calcium carbonate, the –Si 

(OCH3)3 or (OCH2CH3)3 group of silanes hydrolyzes to silicon alcohol group (-SiOH) during 

coupling reactions. Then, silicon alcohol group reacts with the hydroxyls (-OH) on the 

powder surface to form hydrogen bonds, resulting in the formation of –SiO-M covalent bond 

(M represented CaCO3 powder particle surface) due to dehydration and condensation. The 

silicon alcohols of different silane molecule associate with each other to form a membrane 
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with network structure. The membrane covers the surface of the powder, making the surface 

organized. Similarly, the chemical coupling reaction takes place between amino-silane 

coupling agent, APTES and –OH groups. Therefore, APTES molecules may be used to form 

outer amino functional groups on the outer surface of nano-calcium carbonate. 

Three different silane coupling agents were used for nano-calcium carbonate surface 

modification, allowing successful preparation of nano-calcium carbonates with hydrophobic 

surface. TEM characterization (Fig. 3) showed that silane coupling agents were connected to 

the surface of nano-calcium carbonate enhancing its dispersion and separation. 

 

Fig. 3. TEM characterization of CaCO3 nanoparticles after silane modification (a) APTES, (b) 

MTMS, (c) MTES 

 

Nanoparticles maintained their shape and a good colloidal stability as confirmed by ζ-

potential measurement reported in Table 1. 

 

Table 1 ζ-potential characterization 

Samples ζ-value ± SD (mVolt) 

CaCO3 -9.4 ± 1.32 

CaCO3 APTES -18.5 ± 0.6145 

CaCO3 MTMS -20.2 ± 0.87 

CaCO3 MTES -17.5 ± 0.98 
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3.3 Polymeric nanocapsules by LbL technique 

As described in the experimental section LbL approach consists of alternate absorption of 

polyanions and polycations. Film growth is achieved stepwise by the repetitive exposure of 

substrates to sequential polycation and polyanion solutions. Positively charged substrates are 

immersed into the solution of a negatively charged polymer for several minutes. Consequently 

a polymeric thin layer of 1-2 nm thickness is adsorbed on the surface. The substrate is 

afterwards washed for removing not adsorbed material and placed into the polycation 

solution. This procedure can be repeated several times to reach a desired layer thickness 

defined by the number of coating cycles. This gives rise to multilayered films composed of 

alternate layers of polycations\polyanions. Their thickness depends on the number of layers 

deposited and the solution conditions (such as temperature, ionic strength, pH, etc.) used.[22, 38-

41]  

Properties and functionalities of hollow capsules can be tuned in the nanometer range by 

varying their wall features. The permeability changes in response to the ionic strength, solvent 

or pH.[24] After assembly of oppositely charged polyelectrolytes, the core is removed to obtain 

hollow capsules whose wall and inner cavity can be encapsulated and functionalized.[31] The 

produced hollow capsules usually have a wall thickness of a few tens up to several hundred 

nanometers and their diameter ranges depending on the size of the original core. 

The deposition of each layer was checked by ζ-potential measurements (Fig. 4). The charge of 

nanoparticles change from negative (DXS and ALG) to positive (PRM) depending on the 

polyelectrolytes used.  



    

 - 16 - 

 

Fig. 4. ζ-potential measurements of two pairs of polyelectrolytes DXS/PRM, ALG/PRM 

 

Crucial components for capsule fabrication are templates and polyelectrolyte pairs 

constituents. CaCO3 is efficient material for templates because it is stable during coating, but 

can also be dissolved and completely removed from the interior of the capsules by treating it 

with mildly acidic aqueous solutions containing a cation chelating agent. 

In this case, cross-linked coated colloids were shaken with an EDTA solution at pH 5.5 in 

order to remove the salt from the interior of the nanocapsules. The hollow capsules so 

obtained were washed four times with deionized water and stored at 4°C in ultra-pure water. 

 

3.4 Cytotoxicity assessment 

MTT assays were performed at different time intervals (24 to 48 to 72 h) and at different 

concentrations (from 1.0 μg/mL up to 1.0 mg/mL) with naked calcium carbonate (data not 

shown). The cell viability was preserved at 100% and confirmed the biocompatibility of 

material. The biocompatibility test was additionally performed for the three silane 

functionalized nano-CaCO3 (Fig. 5), but not for the capsules, since the biocompatibility of 

polymeric capsules was already established in our previous works.[4-6] 

The powder (1.0 mg/mL maximum concentration) was dispersed in the culture medium and 

then added to the cell cultures. MCF-7, SKOV-3, HeLa, and CACO-2 cells were used. The 
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results shown in the figure demonstrates that silane functionalization does not affect the 

material’s biocompatibility, with viability values around 98% in all cancer cell lines. These 

results are consistent with those obtained for other inorganic nanoparticles like Fe3O4
[42], 

when APTES is used as surface modifiers or cross linker, with the specific functional group 

having negligible impact on cell survival. 

 

Fig. 5. Cell Viability test performed on MCF7, SKOV-3, HeLa and CACO-2 cell lines 

incubated for 24h with 1mg/mL of naked CaCO3 or silane functionalized CaCO3. 

 

3.5 Internalization of coated particles 

Cisplatin and the related FDA-approved platinum-based drugs operate by similar mechanisms 

of action. These agents kill cancer cells by binding to nuclear DNA.[43, 44] The process by 

which such compounds do so involves several steps, of which cellular uptake is the first. The 

efficacy of a platinum anticancer agent depends upon its ability to enter the cell and penetrate 

the nucleus where the critical target, DNA, resides. Much research has been devoted to 
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elucidating the pathways by which cisplatin is internalized by cells.[45] Once inside the cell, 

cisplatin becomes activated by aquation, the substitution of chloride ligands by water. This 

reaction gives rise to the potent electrophilic cations cis-[Pt(NH3)2Cl(OH2)]
+ and cis-

[Pt(NH3)2(OH2)2]
2+. 

According to previous reports by others groups which indicated that capsules are internalized 

by living cells despite to their large size, allowing us to expect the same behavior.[27, 46] 

Thanks to their nanometer size and positive superficial charge, internalization by cancer cells 

was in fact observed. For studying their localization and digestion, cancer cell lines were 

cultured for 3 hours in the presence of synthetic not biodegradable PSS/PAH nano-CaCO3. 

The cellular internalization was confirmed by using MCF-7, SKOV-3, HeLa and CACO-2 

cells, with FITC labelled nanoparticles being dosed at a constant particle mass (0.5 mg/mL). 

The kinetics of particle internalization was evaluated by using the fluorescence method. Cell-

associated FITC-nanoparticles were quantified by analyzing the cell lysate in a fluorescence. 

The time course of particle internalization was studied from 5 min up to 3 h (Fig. 6). 

To minimize the possible interference of the residual capsules externally bound to the cells, a 

PBS solution was used to wash extensively the cells after incubation. The possibility of 

residual nanocapsules adsorbed on the cell membrane can’t be completely excluded, but the 

confocal fluorescence microscopy experiments performed in parallel to the cell lysis showed 

that the fluorescence was localized inside the cells only (Fig. 7). 



    

 - 19 - 

 

Fig. 6. Kinetics for the uptake of nanoparticles by MCF-7, SKOV-3, HeLa, and CACO-2 cells 

measured by fluorescence spectroscopy.  

 

Coated colloids were spontaneously uptaken by cancer cells. As shown, the kinetics is 

dependent on the kind of cell lines. In MCF-7 cells after 3 hour almost complete 

internalization was reached (around 95%), slightly faster than other cell lines. HeLa and 

CACO-2 cells reached a peak 75% of internalization after 3 hours of incubation, the SKOV-3 

cell line showed the least amount of FITC associated with cells at the same time.  

For visualizing their uptake and to assess colloids intracellular fate, only one of 

polyelectrolytes used for coating (labeled as PAH-FITC) was conjugated with fluorescein 

moieties. In particular, all cells were incubated with non biodegradable PSS/PAH 

nanoparticles since the synthetic multilayer is not enzymatically degraded by proteases. The 

localization of PSS/PAH coated nanoparticles in these cells lines was found to be perinuclear, 

as indicated by white arrows in Fig. 7 and in selected Z-stack sections in Fig. 8. 
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Fig. 7. Confocal microscopy images of nanoCaCO3 uptake by MCF-7 (a) SKOV-3 (b), HeLa 

(c) and CACO-2 (d). In blue are stained nuclei, in red the cytoskeleton (phalloidin-TRITC) 

and in green nano-CaCO3. Scale bar 5µm. 

 

The size of the FITC-fluorescent spots suggest that noticeable aggregation of the 

nanoparticles occurs inside the cells. No layer removal\degradation upon cell 

contact\interaction was detected and the majority of capsules were digested spontaneously 

externally near to nuclear region. PSS/PAH coated colloids remained still intact as fluorescent 

nanoparticles upon 3 hours from cell uptake. 

 

Fig. 8. Confocal microscopy images of CaCO3 NPs intracellular uptake by MCF-7 ((a) image 

size: 6 μm), SKOV-3 ((b), image size: 8.21 μm), HeLa ((c), image size: 6.91 μm) and CACO-

2 ((d), image size: 6.91 μm) cells. Sections of a Z-stack FITC fluorescence (green), 

phalloidin-TRITC fluorescence and Hoechst-fluorescence-stained nuclei (blue) overlaid 

images. 

 

3.6 Loading efficiency and release  
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Drug loading, both on carbonate core naked and functionalized and polymer capsules was 

calculated by incubating overnight three cisplatin solutions with a known concentration (50 

µM, 75 µM, 150 µM). As described in the experimental section the supernatant was removed 

by centrifugation and it was analyzed by ICP. Data analysis of quantitative measurements 

performed by ICP showed a different behavior comparing the different samples, but the trend 

stayed the same for all concentrations tested, so the Fig. 9 shows only the results obtained 

with the concentration of 150 µM (TEM image in Fig. SM3). 

The data obtained with naked CaCO3 core, incubated with solutions at different 

concentrations of cisplatin showed the lowest encapsulation efficiency (for the 150 μM 

solution, loading efficiency of drug on nanocarriers in μg/g ± S.D. 15.8 ± 2). This suggested 

that the loading of cisplatin inside the core did not occur by adsorption in the core interstices 

due to their porous structure. In fact, functionalizing the surface with silanes chiefly increases 

the hydrophobicity of the surface. The change in efficiency from APTES to MTMS to MTES 

was around 25% (loading efficiency respectively 19.5 ± 0.9, 23.9 ± 1.8, and 20.0 ± 3.3 μg/g), 

confirming that this modification led to a chemical coupling reaction responsible for 

improved surface interactions. In contrast, the data concerning cisplatin loading on DXS/PRM 

and ALG/PRM capsule showed the highest efficiency, even exceeding 60% in the case of the 

second pair of polymers tested (loading efficiency 36.7 ± 9.2 and 54.9 ± 6.2 μg/g 

respectively). Probably, when capsules enter in contact with the solution, the drug is adsorbed 

onto the capsule surface and into the lumen. The loading efficiency can be influenced by the 

surface area of the nanoparticles.[47] 
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Fig. 9. Relative loading efficiency of cisplatin 150µM. Loading efficiency: core 15.8 ± 2.0, 

APTES 19.5 ± 0.9, MTMS 23.9 ± 1.8, MTES 20.0 ± 3.3 , DXS/PRM 36.7 ± 9.2, ALG/PRM 

54.9 ± 6.2 (expressed in μg/g ± S.D.). 

 

The polymeric systems are attractive for their easy tailoring and in vivo tolerance, enabling 

the delivery of various bioactive substances after implantation. Given the good results 

obtained with polymeric capsules, these were selected for studying both the release of the 

drug and the effect on a panel of cancer cell lines. 

In Fig. 10, extended release profile of cisplatin from polymeric capsules, with different 

number of adsorbed layers (ALG/PRM)2 or (ALG/PRM)3, in phosphate buffer saline solution 

(PBS, pH 7.4) at 37°C are reported. The obtained release profiles indicate sustained manner 

of drug release from the these polymeric nanocapsules. 
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Fig. 10. Controlled cisplatin release profiles from the LbL nanocapsules: (ALG/PRM)2 (blue), 

(ALG/PRM)3 (red). 

 

Controlled release is an attainable and desirable characteristic for a drug delivery systems. 

The factors affecting the drug release rate revolve around the structure of the matrix 

containing the drug and the chemical properties associated with both the polymer and the 

drug. The drug release is also diffusion controlled, as the drug can travel through the pores of 

polymer shell. The most desirable release profile would show a constant release rate with 

time. However, in many cases release profiles are more complicated and often contain two 

main expulsion processes: the first being an initial burst of expelled drug from the shell 

surface; the second, a usually more constant stage with release rates dependent on diffusion 

and degradation. 

Fig. 10 details the initial burst observed within 60 minutes, followed by a prolonged release. 

After 48 h a complete release of the drug is still not observed.  
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LbL technology allows for the easy control of drug release rate from polymer-stabilized 

colloidal nanoparticles by simple changes of coating thickness or composition.[48] In particular 

the release curves for cisplatin with different coating thickness in standard sink conditions at 

the same drug concentration of 2 mg/mL were studied. As expected, the release rate was as 

the number of polyelectrolyte layers in the shell was increased. Certainly, slower release rates 

are also possible depending on the architecture of the LbL coating.[49] 

 

3.7 Cytotoxicity of loaded nanocapsules 

In order to evaluate whether cisplatin loaded into the designed nanocarriers exerts cytotoxic 

effects we carried out an in vitro cell viability study, using a panel of four human tumor cell 

lines, representative of some clinically important types of the neoplastic disease, namely 

MCF-7 (human breast cancer) SKOV-3 (human ovarian cancer), HeLa (human cervical 

cancer) and CACO-2 (human epithelial colorectal adenocarcinoma). 

In these experiments exponentially growing cells were exposed to two concentrations of free 

cisplatin 50 and 100µM and its encapsulated formulations (ALG/PRM)3 (0.5 mg) with a 

nominal drug concentration of approximately 80 μM for 24h. 

As expected from the use of concentrations higher than IC50,
[50-52] chosen to be close to the 

loading concentrations, the high concentrations of drug used gave minimal difference in 

viability for the same cell line at the two administered concentrations, with the HeLa cells 

being more vulnerable to cisplatin treatment at higher concentration, in comparison to the 

other cell lines, as expected for a non-resistant strain (Fig. 11). 

The higher speed of uptake kinetic compared to the release speed ensures that most of the 

drug is released after the internalization of the capsules. The loaded nanocarriers afford a 

decrease in the treated cell viability, close to the one expected for an administration of the free 

drug at the same nominal concentration. The slightly higher rate of uptake of the nanoparticles 

in MCF-7 cell line did not translate in an increase in cytotoxicity. Since MCF-7 lines does not 
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show significant differences from the other cell lines examined in IC50 or distribution of 

nanocapsules, we can assume either a slower or a less efficient degradation pathway in the 

cell line. 

 

Fig. 11.Fig. Cell viability (% control) of MCF-7, SKOV-3, HeLa and CACO-2 cells treated 

with 50 and 100 μM of cisplatin, and encapsulated formulations (ALG/PRM)3 with a nominal 

drug concentration of approximately 80 μM. The residual cell number was recorded after 24 

h. Data are means ± standard deviations of at least 3 independent replicates. 

 

4. Conclusions  

Among the antitumor agents, cisplatin [cis-diamminedichloroplatinum(II)] is a commonly 

used drug in the treatment of a variety of solid tumors, usually administered intravenously. A 

total of 90% of the cisplatin is bound to plasma proteins in the blood and, thus, does not enter 
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the cells; the remaining unbound drug enters the cell as uncharged small molecule. In view of 

these limitations, research has been extensively focused on drug delivery systems to achieve 

higher concentration of drug in tumor tissues and controlled release profile for extended time 

periods. 

The development of drug carriers that can improve the water solubility of anticancer drugs 

and target tumor cells is of high interest for researchers in the field of materials science. Until 

now, nanocarriers formed by amphiphilic small molecules, block polymers and 

biomacromolecules have already shown great potential for chemotherapy.[53] 

In these report, newly prepared pure nanosized CaCO3 particles, three different types of silane 

functionalized nano-CaCO3 and LbL synthesized capsules using nano-CaCO3 as template 

were loaded with cisplatin. The loading efficiency on pure nano-CaCO3 cores was very low 

(below 10%), and while the silanization certainly improved the loading efficiency (around 

25% for MTMS and MTES), to improve loading another strategy was attempted, namely the 

synthesis of LbL capsules of DXS/PRM and ALG/PRM over a nano-CaCO3 core. The best 

loading was obtained for the ALG/PRM system (over 60%). The capsules with the best 

loading were then administered to a panel of cell lines, with the objective of evaluating 

cellular uptake and the activity of the encapsulated drug. The internalization of the coated 

particles (having the best drug uptake) was fastest on MCF-7 cell lines, showing an uptake 

close to 75% in 3 hours., but in general, all four cell lines studied showed at least 50% uptake 

in the first hour of administration. Furthermore, the microscopy studies of FITC showed 

perinuclear localization of the capsules. The drug release kinetic from the nanocapsules was 

also studied, showing that the release of the drug takes place at a slower rate than 

internalization already with the 3 layers capsules. The cytotoxic efficiency of the capsules was 

comparable to free cisplatin at the same nominal concentration for all cell lines. These overall 

results show that the fabrication of LbL nanocapsules on a nano-CaCO3 shows promise as a 

drug economic cisplatin-delivery system able to release most of its drug load in the 
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perinuclear area of cancer cells, and moreover the flexibility of the method used leaves ample 

margins for further tailoring of the carriers. 

 

5. Table of Abbreviations 

ALG alginic acid sodium salt 

APTES aminopropyltriethoxysilane 

CaCO3 calcium carbonate 

cisplatin cis-[PtCl2(NH3)2] 

CLSM confocal laser scanning microscopy  

DMSO dimethysulfoxide 

DXS dextran sulfate sodium salt 

EDTA ethylenediaminetetraacetic acid 

ELS electrophoretic light scattering 

FBS fetal bovine serum 

FITC fluorescein isothiocyanate 

GA glutharaldehyde 

ICP inductively coupled plasma atomic emission spectroscopy 

LDV Laser Doppler Velocimetry 

LbL layer by layer 

MTES methyltriethoxysilane  

MTMS methyltrimethoxysilane 

MTT [4,5-dimethylthiazol-2-yl]-2,5- diphenyl tetrazolium bromide 

PAH polyallylamine hydrochloride 

PDI polydispersity index 

PRM protamine sulfate salt 

PSS polystyrenesulfonate sodium salt 
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TEM Transmission Electron Microscopy 
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Scheme 1. Chemical reaction 

Fig. 1. (a) TEM characterization of nanoCaCO3 nanoparticles, (b) magnification of (a) image. 

 

 

Fig. 2 Variation of ζ-potential of nano-CaCO3 measured in different dispersant: (square) 

ultra-pure water, (circle) culture media and (triangle) PBS buffer. Averages of 3 

separate measurements. 
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Fig. 3. TEM characterization of CaCO3 nanoparticles after silane modification (a) APTES, (b) 

MTMS, (c) MTES 

 

Table 1 ζ-potential characterization 

Samples ζ-value ± SD (mVolt) 

CaCO3 -9.4 ± 1.32 

CaCO3 APTES -18.5 ± 0.6145 

CaCO3 MTMS -20.2 ± 0.87 

CaCO3 MTES -17.5 ± 0.98 

 

 

Fig. 4. ζ-potential measurements of two pairs of polyelectrolytes DXS/PRM, ALG/PRM 
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Fig. 5. Cell Viability test performed on MCF7, SKOV-3, HeLa and CACO-2 cell lines 

incubated for 24h with 1mg/mL of naked CaCO3 or silane functionalized CaCO3. 

 



    

 - 36 - 

 

Fig. 6. Kinetics for the uptake of nanoparticles by MCF-7, SKOV-3, HeLa, and CACO-2 cells 

measured by fluorescence spectroscopy.  

 

 

Fig. 7. Confocal microscopy images of nanoCaCO3 uptake by MCF-7 (a) SKOV-3 (b), HeLa 

(c) and CACO-2 (d). In blue are stained nuclei, in red the cytoskeleton (phalloidin-TRITC) 

and in green nano-CaCO3. Scale bar 5µm. 
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Fig. 8. Confocal microscopy images of CaCO3 NPs intracellular uptake by MCF-7 ((a) image 

size: 6 μm), SKOV-3 ((b), image size: 8.21 μm), HeLa ((c), image size: 6.91 μm) and CACO-

2 ((d), image size: 6.91 μm) cells. Sections of a Z-stack FITC fluorescence (green), 

phalloidin-TRITC fluorescence and Hoechst-fluorescence-stained nuclei (blue) overlaid 

images. 

 

 

Fig. 9. Relative loading efficiency of cisplatin 150µM. Loading efficiency: core 15.8 ± 2.0, 

APTES 19.5 ± 0.9, MTMS 23.9 ± 1.8, MTES 20.0 ± 3.3 , DXS/PRM 36.7 ± 9.2, ALG/PRM 

54.9 ± 6.2 (expressed in μg/g ± S.D.). 
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Fig. 10. Controlled cisplatin release profiles from the LbL nanocapsules: (ALG/PRM)2 (blue), 

(ALG/PRM)3 (red). 
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Fig. 11. Cell viability (% control) of MCF-7, SKOV-3, HeLa and CACO-2 cells treated with 

50 and 100 μM of cisplatin, and encapsulated formulations (ALG/PRM)3 with a nominal drug 

concentration of approximately 80 μM. The residual cell number was recorded after 24 h. 

Data are means ± standard deviations of at least 3 independent replicates. 

 

 


