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Abstract: A novel nanocarrier based-on hollow mesoporous carbon nanospheres (HMCNs) 

with primary amines on its surface, a large cavity, and good hydrophilicity was synthesized 

by a hydrothermal reaction. The primary amine functionalities on the mesoporous carbon 

were used as the initiation sites for growing poly(epichlorohydrin) (PCH) chains. The 

chlorine groups in the side chain of PCH were replaced with imidazole as the pendant groups. 

Calcium chloride (CaCl2) was applied as a capping agent.  The coordination bonding was 

formed between pendant imidazole groups and calcium ions. Doxorubicin (DOX) was 

selected as a model of hydrophilic anticancer drug and was loaded onto the nanocarrier and 

released through the cleavage of the pH-sensitive coordination bonding. The gating 

mechanism enables the nanocarrier to store and release the calcium ions and the DOX 

molecules trapped in the pores. MTT assay toward HeLa cells indicated that the nanocarrier 

had low toxicity because of the surface modification with the oxygen-rich polymer. The 

cellular uptake of the pH-sensitive nanocarrier for HeLa cancer cell lines was confirmed by 

CLSM images and flow cytometry. So, the novel pH-sensitive nanocarrier can be applicable 

to carry and release both DOX drug and calcium ions for cancer treatment. 
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1-Introduction 

Controlled and targeted drug delivery systems have been widely noticed for the medical 

applications[1]. There are various nanocarriers that have been developed for controlled drug 

delivery systems[2-13]. In the last few years, the mesoporous carbon spheres and hollow 

mesoporous carbon spheres have received much attention in various applications since they 

have high surface area, large pore volume, adjustable pore distribution, hollow space, special 

shape, low density, substantial biocompatibility, photothermal conversion capability, and high 

adsorption capacity[14-21]. Also, the mesoporous carbon spheres can be used for capturing 

and releasing of  different guest molecules with various shapes, sizes, and functional 

groups[22, 23]. So far, few several nanocarriers based-on mesoporous carbon nanoparticles 

(MCNs) and hollow mesoporous carbon nanoparticles (HMCNs) have been developed for 

anticancer drug delivery because of low hydrophilicity of these nanoparticles [24-34]. So, 

MCNs are usually modified with oxygen-rich polymers such as polyethylene glycol (PEG)  in 

order to increase water dispersibility, decrease cytotoxicity and immunogenicity, and improve 

prolonged body-residence time and reduced renal clearance as the pharmacokinetic and 

pharmacodynamic properties[35]. pH-sensitive systems are one kind of smart drug delivery 

systems which have been widely investigated[7, 9, 10, 36-41]. The capping pH-sensitive 

systems have been developed recently for capturing the drug in the pores. The gating 

mechanism is able to store and release molecules trapped in the pores[42-48]. Several on/off 

capping or gating systems in the form of coordination bonding have been investigated[49-57]. 

Various metal ions have biological applications and play important biological roles as active 

centers for enzymes, proteins, and coenzymes. Calcium is a biologically active metal ion that 

is regulated in eukaryotic cells and plays an important role in orchestrating apoptosis.  When 
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calcium exists in the cell cytoplasm, it stimulates an apoptotic cycle [58, 59]. So, A carrier 

that is able to deliver both drug molecules and calcium ions can be more efficient than the 

carrier that release only the drug and it can have the advantage of synergistic interactions[45]. 

Herein, we synthesized a novel pH-sensitive nanocarrier based-on calcium-latched gates for 

capturing and releasing of DOX as a model of anticancer drug.  In this work, hollow 

mesoporous carbon nanospheres were modified with poly(epichlorohydrin) (PCH) as an 

oxygen-rich polymer and imidazole as a side chain group The aim to choose the PCH was 

because of C-O and O-H groups that leads to increase the water dispersibility of the 

nanocarrier and also Cl pendant functionalities in the PCH chains can replace with imidazole 

groups to formation the coordination bonding between imidazole and calcium ions. The 

formation and cleavage of calcium ion-imidazole coordination bonds are sensitive to pH 

variations; since both calcium ions and protons are Lewis acids, they compete to interact with 

imidazole groups as the basic ligand. In comparison with the previous works [60-64], we used 

a hydrothermal reaction instead of  high-temperature carbonization to prepare the mesopore 

carbon nanospheres with better hydrophilicity. Also, the prepared mesopore carbon spheres in 

previous works[23, 27, 62, 65] except some few researches in related to mesoporous silica 

structures[49, 52, 53] have been used only for delivery the drug while this nanocarrier can be 

applied for delivery of both drug and metal ions. 

2- Experimental  

2-1- Materials  

Tetraethyl orthosilicate (TEOS), ammonia solution (NH4OH, 25%), triethylamine (TEA), 

silver nitrate (AgNO3), potassium chromate (K2CrO4), epichlorohydrin, calcium chloride 

dihydrate (CaCl2.2H2O), imidazole, ammonium fluoride, and sodium iodide were provided 

from Merck. Low molecular weight chitosan, boron trifluoride etherate, potassium 

permanganate (KMnO4), silica nanoparticles, and DAPI (4',6-diamidino-2-phenylindole) 
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were provided from Sigma-Aldrich. Doxorubicin hydrochloride (DOX) was purchased from 

Pfizer. The solvents including dimethylformamide (DMF), acetic acid, hydrofluoric acid 

(HF), and also MTT reagent [3-(4,5-dimethylthiazol-yl)-2,5-diphenyltetrazolium bromide] 

were purchased from Merck. HeLa cancer cells were received from Pasteur Institute, Tehran, 

Iran. Dialysis bags (molecular weight cutoff  12 kDa) were used in all of the release 

experiments. 

2-2-Instruments 

Fourier-transform infrared (FT-IR) spectroscopy was recorded on an ABB Bomem MB-100 

spectrophotometer. Ultraviolet-visible (UV−Vis) spectra were collected by a Perkin−Elmer 

Lambda 25. The hydrodynamic diameter and zeta potential values of the nanospheres were 

measured in deionized water (pH = 7.0) using Horiba SZ-100 nanoparticle size and zeta 

potential analyzer. Thermogravimetric analysis (TGA) of the samples was performed by a 

Mettler Toledo TG/DSC at a heating rate of 10 °C/min from room temperature to 600 °C 

under N2 atmosphere. A scanning electron microscope (TESCAN FE-SEM MIRA3) was used 

for the analysis of morphology and elemental identification of the samples. Transmission 

electron microscopy (TEM) images were recorded using a FEI titan instrument operated at 

300kV. Inductively coupled plasma-optical emission spectroscopy (ICP-OES, 730-ES, 

Varian) was applied for determination of the amount of coordinated calcium ions. Brunauer–

Emmett–Teller (BET) and Barrett–Joyner–Halenda (BJH) analyses were applied to measure 

the specific surface area, pore size distribution and pore volume on a MicrotracBEL Corp. 

The cellular uptake measurements were performed by confocal laser scanning microscopy 

(CLSM, Leica TCS 154SPE, Germany) and flow cytometry (BD FACSCalibur, San Jose, 

CA, USA) analyses. 

 2-3- Synthesis of hollow mesoporous carbon nanospheres (HMCNs) 
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HMCNs were synthesized according to the procedure reported by Xingyu Jiang, et al [26, 

30]. The chitosan solution (100.0 mg in 20 mL DI water) containing acetic acid (200 µL) was 

prepared and silica nanoparticles were dispersed it (Wchitosan: Wsilica = 1: 2). The mixture 

was poured into the autoclave and sealed. The hydrothermal reaction was performed at 180 

°C for 12 h. The resulting product was placed into a buffer solution containing ammonium 

fluoride (8 M) and hydrofluoric acid (2M) at pH= 4 for 3 days for dissolving the silica 

template. The resulting hollow mesoporous carbon nanospheres were washed several times 

by centrifugation and dried at room temperature. 

2-4- Synthesis of HMCNs functionalized with poly(epichlorohydrin) (HMCNs-PCH) 

At first, HMCNs (10.0 mg) were sonicated in epichlorohydrin (1mL) and refluxed at 60°C for 

24 h. The temperature was decreased to room temperature. BF3.Et2O was added as a catalyst 

and the mixture was stirred at 0 
o
C by a mechanical stirrer. Then, epichlorohydrin (3.0 mL) 

was added slowly, and the mixture was further stirred for 4 days. Finally, the mixture was 

quenched and washed several times with methanol. The resulting product was dried at room 

temperature. 

2-4-1- Determination of chlorine content in HMCNs-PCH by alkaline fusion (sodium 

fusion) method [66, 67] 

At the beginning, one piece of sodium metal was cut and placed in a tube and heated on a 

flame. Afterwards, HMCNs-PCH (4 mg) was put in the center of the fused sodium and heated 

on the flame again. Ethanol was poured into the tube for dissolving the excess sodium. 

Distillated water was transferred into the tube and ethanol was evaporated by heating for 20 

minutes.  The solution temperature was brought to the room temperature and the solution was 

filtrated. The filtrate solution was titrated with silver nitrate solution (0.01 M)  (Mohr 

method) in the presence of potassium chromate as an indicator for determining chloride 
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concentration [68] . For the calculation, distillated water was titrated with AgNO3 solution 

(0.01 M) and the chloride content in HMCNs-HPC was calculated to be about 3.5 mmol/g.  

2-5-Synthesis of HMCNs-PCH modified with imidazole (HMCNs-PCH-p-I) 

 The resulting HMCNs-PCH was sonicated in DMF (5 mL) solvent. Then, imidazole (60.0 

mg), triethylamine (TEA) (0.1 mL) and sodium iodide (NaI) (20 mg) were added and the 

mixture was stirred at 90 °C for 3 days. In this process, a nucleophilic substitution between 

chlorine and imidazole functionalities occurs. The final product was separated by 

centrifugation and washed with DMF. 

2-6- Loading of DOX  

HMCNs-PCH-p-I (10 mg) was sonicated in deionized water (6 mL). Then, DOX. HCl 

solution (0.6 ml, 2mg/mL) was added and stirred at room temperature for 24 h in a dark tube. 

The resulting HMCNs-PCH-p-I@D was centrifuged and washed by deionized water for 

removing free DOX. The concentration of DOX loaded to the HMCNs-PCH-p-I was 

determined by UV-Vis spectrophotometer at 480 nm. Also, the same procedure was 

performed to loading of DOX into the HMCNs and the amount of DOX loaded to the 

HMCNs was determined by UV-Vis spectrophotometer at 480 nm. 

2-7- Synthesis of calcium latched- HMCNs-PCH-p-I@D  

Formation of coordination bonding between calcium ions and amino-containing functional 

groups (imidazole) was performed by the following procedure. A solution of CaCl2 .2H2O in 

ethanol (0.01 M) was prepared and HMCNs-PCH-p-I@D (15 mg) were dispersed in the 

solution and stirred at room temperature for 24 h. The amount of the coordinated calcium ion 

was 5.25 mg/mL as determined by ICP-OES.  
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2-8- Release of DOX 

The release of DOX from HMCNs@D, HMCNs-PCH-p-I@D, and calcium latched- HMCNs-

PCH-p-I@D was investigated at 37°C in phosphate buffer at pH = 5.0 and 7.4.  A solution of 

calcium latched- HMCNs-PCH-p-I@D in deionized water (5 mg, 1 mL) was prepared and 

placed in each of the buff er solutions (1 mL) in two separate dialysis bags. Then, the dialysis 

bags were put in the same buffers (5 mL) in dark tubes and were stirred at 37 °C.  At defined 

time intervals, 3 mL of the solution was withdrawn and 3 mL fresh buff er was replaced. The 

concentration of DOX was measured by UV−Vis spectrometery at 480 nm. Also, DOX 

release of HMCNs@D and HMCNs-PCH-p-I@D was investigated by the same procedure 

and the concentration of DOX was measured by UV−Vis spectrometery at 480 nm. 

2-9- In vitro cytotoxicity assay 

MTT assay was applied for investigation of the cytotoxicity of free DOX, HMCNs-PCH-p-I, 

DOX-loaded-HMNCs-PCH-p-I (HMCNs-PCH-p-I@D), calcium-latched-HMNCs-PCH-p-I, 

and DOX-loaded-calcium-latched-HMCNs-PCH-p-I (calcium-latched-HMCNs-PCH-p-I@D) 

on HeLa human breast cancer cells. Growing of the cells was performed in DMEM with 5% 

fetal bovine serum and 100 mg/mL penicillin G and 100 mg/mL streptomycin at 37 ˚C in a 

humidified 5% CO2 atmosphere. Then, 96-well plates (1 ×10
4
 cells per well) were applied to 

seed the cells. The samples were sterilized with UV radiation and transferred to culture wells 

at different concentrations. The concentration of the samples either as the nanospheres 

without DOX or DOX-loaded nanospheres (HMCNs-PCH-p-I@D and calcium-latched-

HMCNs-PCH-p-I@D) were 60, 30, 15, 7.5, 4 μg/mL. Also, the concentrations of DOX either 

as free DOX or DOX-loaded nanospheres (HMCNs-PCH-p-I@D and calcium-latched-

HMCNs-PCH-p-I@D) were 10.73, 5.38, 2.68, 1.8, and 0.63 µg/ml at horizontal axis values 

of 60, 30, 15, 7.5, and 4 µg/mL (concentration of the samples), respectively.  The cells were 

washed with PBS solution after 24 h and 48 h incubation time. The MTT solution (100 μL, 

0.5 g/L) was added to each well and the incubation was performed for 4 h. In this step, the 
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MTT reagent was reduced to formazan and DMSO was used for dissolving the formazan. The 

absorbance was measured at 490 nm. All the experiments were performed three times. The 

cell viability was measured by the following equation: 

,
% 100

,

means of abs value of treatment sample
cell viability

means of abs value of control sample
  

  

2-10- Cellular uptake studies by fluorescence microscopy 

 For determining the cellular uptake of the calcium latched- HMCNs-PCH-p-I@D (DOX-

loaded nanocarrier), HeLa cancer cells were seeded in 6-well plate (1×10
5

 cells per well). 

Then, the cell incubation was performed at 37 ℃ for 24 h in a humidified 5% CO2 

atmosphere. Afterward, DOX-loaded nanocarrier was added to the cells at the concentrations 

of DOX about 10 and 20 μg/mL. The treatment was performed for 6h and 24h. At the end, the 

cells were washed with cold PBS. 4′,6-diamidino-2-phenylindole (DAPI) was applied for 

staining of the cell nucleus and paraformaldehyde was used for fixing. The stained cells were 

observed by confocal laser scanning microscopy (CLSM, Leica TCS SPE, Germany). The 

excitation wavelengths for DAPI and DOX were 405 and 480 nm, respectively and the 

emission fluorescence was recorded at 440-480 nm and 550-600 nm, respectively. 

2-11- Cellular uptake studies by flow cytometry 

HeLa cancer cells were seeded in 6-well plates (1 × 10
5
 cells per well) and incubated at 37 °C 

for 24 h in a humidified 5% CO2 atmosphere. After that, the free DOX and the calcium 

latched- HMCNs-PCH-I@D (DOX-loaded nanocarrier) were added at the DOX 

concentration of 10 and 20 μg/mL and incubation was performed for 3h. The cells were 

trypsinized and washed by phosphate buffered saline (PBS; pH 7.4) for 5 min. Then, the 

fluorescence emission was recorded on a flow cytometer (BD FACSCalibur, San Jose, CA, 

USA) at excitation wavelength of 480 nm (emission wavelength 590 nm). 
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3. Results and discussion 

3.1. Synthesis and characterization 

In this work, the pH-sensitive nanocarrier based-on hollow mesoporous carbon nanospheres 

(HMCNs) were prepared by a hydrothermal reaction and a silica etching process for 

removing silica template. Then, poly(epichlorohydrin) was grown on the surface of 

nanospheres as an oxygen-rich polymer. The primary amine groups on the surface of HMCNs 

acted as the initiating sites for the ring-opening polymerization of epicholohydin monomer. 

The chlorine pendant groups in the oxygen-rich polymer were replaced with imidazole. At the 

end, by the interaction of calcium ion with imidazole group, a pH-sensitive nanocarrier based-

on the coordination bonding (on/off capping or gating system) was prepared (Scheme 1). The 

nanocarrier was applied for loading and releasing of DOX through the mesopores on its 

surface. 
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 Scheme 1. Overall synthesis route of calcium-latched-HMNCs-PCH-p-I nanocarrier 

The FT-IR spectra of HMCNs, HMCNs-PCH, and HMCNs-PCH-p-I are shown in the Figure 

1. The spectrum of HMCNs shows a peak at 1645 cm
−1

 attributed to bending vibrations of the 

primary amine groups. After modification of HMCNs with poly(epichlorohydrin), new peaks 

appeared at 747 cm 
−1

 and 2800-2900 cm 
−1

 that are related to the stretching vibrations of C-

Cl and CH2, respectively. The peak at 1155 cm
-1

 is corresponded to C-N bond formed by the 

nucleophilic attack of N atom of imidazole to chlorine. 
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Figure 1.  FTIR spectra of (a) HMCNs, (b) HMCNs-PCH, (c) HMCNs-PCH-p-I 

UV–Vis and fluorescence spectroscopy were used to confirm for the presence of DOX onto 

HMCNs-PCH-p-I as are shown in Figure 2a and Figure 2b, respectively. The UV–Vis 

spectrum of HMCNs-PCH-p-I@D indicates a broad peak at 480 nm which is related to DOX 

drug. This peak was not observed in the UV-Vis spectrum of HMCNs-PCH-p-I (Figure 2a). 

Also, the fluorescence spectra confirmed the loading of DOX onto HMCNs-PCH-p-I by the 

appearance of the peak at 580-620 nm which is due to the presence of DOX (Figure 2b). 

 

Figure 2. (a) UV−Vis spectra of free DOX, HMCNs-PCH-p-I, and HMCNs-PCH-p-I@D and 

(b) fluorescence spectra of free DOX, HMCNs-PCH-p-I, and HMCNs-PCH-p-I@D 
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The scanning electron microscopy (SEM) image of HMCNs-PCH is displayed in Figure 3. A 

spherical morphology was observed for HMCNs-PCH nanoparticles. The diameter of 

HMCNs-PCH nanospheres were found about 40-50 nm. Some aggregation was observed in 

HMCNs-PCH as a result of the polymer coating on HMCN nanospheres. 

  

Figure 3. SEM image of HMCNs-PCH nanospheres 

 

Elemental composition of the samples was determined by EDS. The EDS spectrum of 

HMCNs (Figure 4a) showed the presence of C and N atoms and a small peak related to O 

atom. The spectra in Figure 4b and Figure 4c revealed the presence of C, N, O, Cl atoms in 

HMCNs-PCH and C, N, O atoms in HMCNs-PCH-p-I, respectively. 
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Figure 4. The EDS images of (a) HMCNs, (b) HMCNs-PCH, and (c) HMCNs-PCH-p-I 

The morphology of HMCNs-PCH was characterized with high resolution transmission 

electron microscopy (HRTEM). The TEM images indicate that HMCNs-PCH have a 

spherical morphology. The diameter of HMCNs-PCH nanospheres was determined about 50 

nm which is in agreement with the value already found by SEM images.  
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Figure 5. Bright field and dark field TEM images of the HMCNs-PCH. 

 

The thermogravimetric (TGA) curves of HMCNs and HMCNs-PCH are shown in Figure 6a 

and Figure 6b, respectively. The weight loss at the range of 30-120 °C is because of the 

evaporation of volatile solvents and water molecules[67]. In figure 6a, the gradual weight loss 

of ~ 3% at 600 °C can be attributed to the decomposition of amine groups attached onto the 

surface of HMCNs. The low weight loss indicates that HMCNs prepared by hydrothermal 

reaction have high thermal stability.  In the TGA curve of HMCNs-PCH, a weight loss was 

observed at 200-500 °C which is related to the thermal decomposition of 

poly(epichlorohydrin). The loading content of poly(epichlorohydrin) was calculated about 

8%.  

 

Figure 6. TGA curves of (a) HMCNs, and (b) HMCNs-PCH 

Dynamic light scattering (DLS) analysis is a method for determination of size and size 

distribution of the particles in solution[70]. The DLS of HMCNs and HMCNs-PCH indicated 

highly dispersed nanoparticles with diameters of ~ 80 nm and 93 nm, respectively. Because of 

the swelling of nanoparticles in water, the diameter of HMCNs-PCH determined by DLS was 

higher than that observed by TEM analysis. The final nanocarrier also showed well dispersion 

in PBS and culture medium containing 10% FBS after even 72 h. 
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Figure 7. (a) DLS curves of (I) HMCNs and (II) HMCNs-PCH in DI water and dispersion of 

calcium-latched HMCNs-PCH-p-I at (a) PBS and (b) DMEM high glucose containing 10% 

FBS. 

 

Zeta potential analysis determines the attraction, repulsion, and stabilization of the particles 

[71]. A higher zeta potential value (positive or negative) means a greater stability of the 

particles against aggregation, but a lower value of zeta potential means that attraction exceeds 

the repulsion, and aggregation can be happened[72]. The zeta-potential results of the samples 

at the concentration of 0.1% w/w at pH=7 in deionized water are indicated in Figure 8. The 

zeta potential value of silica nanoparticles was -28.90 mV. This negative value is because of 

the presence of hydroxyl groups on the surface of silica nanoparticles. After the hydrothermal 

reaction, the zeta potential value increased to 14.40 mV confirming the successful formation 

of HMCNs. This positive value of zeta potential is related to the primary amine groups on the 

surface of HMCNs. The zeta potential value of HMCNs-PCH was found -2.30 mV indicating 

the attachment of poly(epichlorohydrin). After nucleophilic substitution with imidazole, the 

zeta potential value changed from -2.30 mV to +6.90 mV which is because of imidazole 

groups. The zeta-potential of DOX-loaded-HMCNs-PCH-p-I (HMCNs-PCH-p-I@D) was 

measured as about +13.4 mV. These results indicate that the loading of DOX increased the 

zeta potential value of HMCNs-PCH-p-I.  
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Figure 8. Zeta potential values of the samples in DI water 

Brunauer–Emmett–Teller (BET) and Barrett–Joyner–Halenda (BJH) analyses are applied for 

determining the specific surface area, pore size distribution and pore volume. According to 

the IUPAC categories, the structure of porous materials is classified to three types based-on 

the average dimensions of pores including micropores (less than 2 nm), mesopores (between 

2 to 50 nm), and macropores (more than 50 nm)[73-75]. Figure 9 indicates the N2 adsorption–

desorption isotherm (Figure 9a) and pore size distribution (Figure 9b) of HMCNs at 77 K. A 

hysteresis loop is clear at medium and high pressure which indicates type IV isotherm[74]. 

The surface area and pore size were calculated about 162 m
2
/g, 6.17 nm, respectively. 
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Figure 9. (a) N2 adsorption-desorption isotherms and (b) pore size distribution of HMCNs 

 

3.2. Drug loading  

The highest loadings of DOX into the nanocarrier were obtained by mixing several 

concentrations of DOX and HMCNs-PCH-p-I. For this purpose, DOX-loaded HMCNs-PCH-

p-I nanospheres with different concentration of DOX were prepared. Each experiment was 

performed in triplicate. The drug loading capacity (DLC) and drug loading efficiency (DLE) 

were measured by Eq. 1 and Eq. 2, respectively: 

     .1 ( ) ID RD

NC

M Mmg
Eq DLC

g M


 

 

.2 (%) 100ID RD

ID

M M
Eq DLE

M


   

Where, MID is the initial drug mass, MRD is the residual drug mass in the supernatant 

solutions, and MNC is the nanocarrier mass. Figure 10 indicates DLC and DLE curves. The 

highest DOX capacity into calcium-latched-HMCNs-PCH-p-I was calculated 180 mg/g and 

in this amount, approximately 64% of DOX was adsorbed by nanocarrier. It should be noted 

that some of DOX molecules are released into the solution during the calcium modification of 
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the surface and the values of DLC and DLE are calculated based on the total release of DOX 

in all steps. 

 

Figure 10.  DLC and DLE curves for the DOX loaded- HMCNs-PCH-p-I 

3-3- Drug release  

The release behavior of DOX from HMCNs@D, HMCNs-PCH-p-I@D, and calcium latched- 

HMCNs-PCH-p-I@D was investigated by a dialysis method at 37 °C in PBS buffer solution 

at pH= 5.0 and pH= 7.4. The release profile of DOX from HMCNs@D, HMCNs-PCH-p-

I@D, and calcium-latched-HMNCs-PCH-p-I@D at pH= 5.0 and pH= 7.4 is indicated in 

Figure 11a, Figure 11b, and Figure 11c, respectively. HMCNs showed an immediate release 

of DOX at pH=5.0 and pH=7.4. Also, the nanospheres showed a similar release behavior of 

DOX in both pH=5 and pH=7.4 because the HMCNs do not exhibit a pH-dependent release 

behavior.   The release amount of DOX from HMCNs was about 93% at pH = 5.0 and about 

89% at pH = 7.4 after 92h. Also, HMCNs-PCH-p-I nanospheres indicated a release almost 

independent of pH. The pendant imidazole groups can be protonated in acidic pH and 

increase the DOX release in pH=5.0. Calcium-latched-HMCNs-PCH-p-I@D indicated a 

controlled and pH-dependent release behavior of DOX. As shown, the release amount of 

DOX from Calcium-latched-HMCNs-PCH-p-I was about 43% at pH = 5.0 and 24% at pH = 

7.4 after 20h. The DOX release increased with increasing time (after 92 h) and reached to 
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87% and 33% at pH = 5.0 and at pH = 7.4, respectively. These results confirm that the release 

of DOX from calcium-latched-HMCNs-PCH-p-I is pH-sensitive which is attributed to the 

coordination bonding between imidazole groups and calcium ions. Figure 11d shows the 

release behavior of calcium ions. The release amount of calcium ions from calcium-latched-

HMCNs-PCH-p-I was about 25μg/mL at pH = 5.0 and 12 μg/mL at pH = 7.4 after 92h. So, a 

small amount of calcium is released at the same time of DOX. 

 

Figure 11. The release behavior of DOX from (a) HMCNs, (b) HMCNs-PCH-p-I, (c) 

calcium-latched-HMCNs-PCH-p-I, and the release behavior of Ca
2+

from (d) at pH=7.4 and 

pH=5 at 37 °C. 

3-4- MTT assay 

MTT assay was performed through the colorimetric analysis based on the reduction of 

tetrazolium salt to a red-colored formazan. The amount of formazan  resulted in the reduction 

is directly related to the number of viable cells [76, 77]. The cytotoxicity of free DOX, 
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HMCNs-PCH-p-I, DOX-loaded-HMCNs-PCH-p-I (HMCNs-PCH-p-I@D), calcium-latched-

HMCNs-PCH-p-I, and DOX-loaded-calcium-latched-HMCNs-PCH-p-I (calcium-latched-

HMCNs-PCH-p-I@D) was investigated by MTT assay. The concentrations of DOX either as 

free DOX or the DOX-loaded nanospheres (HMCNs-PCH-p-I@D and calcium-latched-

HMCNs-PCH-p-I@D) were 10.73, 5.38, 2.68, 1.8, and 0.63 µg/mL at horizontal axis values 

of 60, 30, 15, 7.5, and 4 µg/ml (concentration of the samples), respectively. The incubation 

times were 24 h and 48h. As is shown in Figure 12, by increasing of incubation time and 

concentration of the samples, the cell viability decreased and cytotoxicity against HeLa cells 

increased. The cytotoxicity of both HMCNs-PCH-p-I@D and calcium-latched-HMCNs-PCH-

p-I@D is lower than that of free DOX because of the lower amount of released DOX from 

the nanospheres than the amount of free DOX. The DOX-loaded nanospheres is endocytosed 

to diffuse into the cells and DOX molecules are released slowly but free DOX can diffuse 

into cells easily and rapidly[78]. Also, calcium-latched-HMCNs-PCH-p-I@D showed a little 

more cytotoxicity compared to HMCNs-PCH-p-I@D because of the presence of the calcium 

ions. As can be seen, the nanospheres without DOX (HMCNs-PCH-p-I and calcium-latched-

HMCNs-PCH-p-I) showed low cytotoxicity even by increasing incubation time and the 

concentration of the samples. 
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Figure 12. Cytotoxicity study of the free DOX, HMCNs-PCH-p-I, HMCNs-PCH-p-I@D, 

calcium-latched-HMCNs-PCH-p-I, and calcium-latched-HMCNs-PCH-p-I@D toward HeLa 

cancer cells after (a) 24 h and (b) 48 h incubation times at 37 °C. 

 

3-5- Cellular uptake investigations by flow cytometry 

An appropriate method to investigate the cellular internalization of the labeled molecules is 

flow cytometry technique that measures the florescence intensity. For evaluation of the 

cellular uptake of DOX, florescence intensity of DOX in free DOX and the DOX-loaded 

nanocarrier (calcium-latched-HMCNs-PCH-p-I@D) was determined at incubation time of 3 h 

and the DOX concentrations of 10 and 20 µg/mL. After incubation, the cells were washed 

several times with PBS buffer to remove calcium-latched-HMCNs-PCH-p-I adsorbed onto 

the cells. A self-fluorescence is observed by cells without any incubation with the samples 

used as negative control. Figure 14 shows the flow cytometry histograms of DOX 

fluorescence at the concentration of 10 and 20 µg/mL. As shown, the fluorescence intensity 

of DOX was enhanced by increasing DOX concentration. Also, free DOX showed a higher 

cellular uptake than calcium-latched-HMCNs-PCH-p-I@D after 3 h which is because of 

difference in the mechanism of cell internalization of free DOX and the DOX-loaded 

nanocarrier. Free DOX diffuses into the cells rapidly but DOX-loaded nanocarrier is 

internalized by the endocytosis process[79, 80]. 
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Figure 13. Flow cytometry of HeLa cells treated with free DOX and the DOX-loaded 

nanocarrier (calcium-latched-HMCNs-PCH-p-I@D) at (a) 10 µg/mL and (b) 20 µg/mL at 3 h 

 

 

 
3-6- Cellular uptake studies by fluorescence microscopy 

Confocal laser scanning microscope (CLSM) was applied for investigation of the cellular 

uptake and localization of the samples in HeLa cancer cells (Figure 14). DAPI (4',6-

diamidino-2-phenylindole) was used for labeling of cancer cells nuclei. The concentrations of 

DOX in the calcium-latched-HMCNs-PCH-p-I@D were 10 and 20 µg/mL and the incubation 

times were 6 h and 24 h. By increasing the incubation time from 6 h to 24h, the cellular 

uptake of the calcium-latched-HMCNs-PCH-p-I@D was improved and the fluorescence 

intensity was increased. The merged images of DAPI and DOX indicated the cellular 

internalization of the calcium-latched-HMCNs-PCH-p-I@D within HeLa cells after 

incubation times.  
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Figure 14. CLSM images of calcium-latched-HMCNs-PCH-p-I@D on the HeLa cells 

incubated for 6 h and 24 h at the DOX concentration of 10 and 20 µg/mL at 37 °C. 

 

 

4- Conclusion 

Herein, we synthesized a novel pH-sensitive nanocarrier based-on hollow mesoporous carbon 

nanospheres (HMCNs) modified with an oxygen-rich polymer (poly(epichlorohydrin)(PCH)) 

containing pendant imidazole groups. The coordination bonds were formed between the 

pendant imidazole groups and calcium ions and calcium-latched-HMCNs-PCH-p-I was 

prepared as the final nanocarrier. The prepared nanocarrier has high hydrophilicity and low 

toxicity. DOX as a model of hydrophilic anticancer drug was loaded onto the nanocarrier. 

The release mechanism of DOX is based-on the cleavage of pH-sensitive coordination bonds. 

The nanocarrier exhibited low toxicity because of the surface modification with the oxygen-
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rich polymer. The cellular uptake of the nanocarrier for HeLa cancer cells was confirmed by 

CLSM images and flow cytometry.  
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Highlights 

1- Hollow mesoporous carbon nanospheres (HMCNs) were prepared and 

modified with an oxygen-rich polymer containing pendant imidazole 

groups.  

2- The imidazole groups on the surface of nanocarrier formed pH-sensitive 

coordination bonds with calcium ions which were used as gate keepers. 

3-  The oxygen rich polymer on the surface of the nanocarrier increases the 

hydrophilicity and reduces the toxicity. 

4- Large amount of DOX, as a model of hydrophilic anticancer drug, was 

loaded onto the nanocarrier. 

5- The nanocarrier can be applied to delivery of both DOX drug and calcium 

ions 

6- A large amounts of cellular uptake was observed toward HeLa cancer 

cells. 
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