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GRAPHICAL ABSTRACT 

 

Figure 1: Schematic diagram of the mechanism of albendazole (ABZ)-Mobil Composition of Matter No. 
41 (MCM-41) NP synthesis. N-cetyltrimethylammonium bromide (CTAB) is a cationic surfactant micelle 
and functions as a template for directing the polymerization of silica component (tetraethylorthosilicate; 
TEOS). The resulting mixture (CTAB+TEOS) is then crystallized under the hydrothermal condition, and 
the solid product (hexagonal structure) is generated. The solid product is then calcinated to remove 
CTAB, resulting in the final product (MCM-41 pores structure). The product is then loaded with ABZ, 
and ABZ-MCM-41 NPs are produced.  
 
 

ABSTRACT 

The present study aimed to synthesize albendazole (ABZ)-loaded Mobil Composition of Matter No. 41 (MCM-41 

NPs) to increase the efficacy of the drug against liver cancer. ABZ was loaded into MCM-41 NPs, and after in 

vitro characterization, such as size, size distribution, zeta potential, morphology, chemical composition, thermal 

profile, drug release, surface and pore volume, and pore size, their biological effects were evaluated using 3-[4,5-

dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT) cell migration assays. The results demonstrated 

that monodispersed and spherical NPs with a size of 220 ± 11.5 and 293 ± 8.7 nm, for MCM-41 NPs and ABZ-

loaded MCM-41 NPs, respectively, and drug loading efficiency of 30 % were synthesized. ABZ was loaded phys-

ically into MCM-41 NPs, leading to a decrease in surface volume, pore size, and pore volume. Also, MCM-41 
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NPs could increase the cytotoxicity effects of ABZ by 2.9-fold (IC50 = 23 and 7.9 µM for ABZ and ABZ-loaded 

MCM-41 NPs, respectively). In addition, both ABZ and ABZ-loaded MCM-41 NPs could restrain the cell migra-

tion by 12 %. Overall, the results of the present study suggest evaluating the potency of MCM-41 NPs, as a potent 

nanoplatform, for ABZ delivery in vivo environment. 

 

Keywords: Albendazole, cancer, drug delivery, MCM-41, mesoporous silica nanoparticles 

 

 

 

INTRODUCTION 

Liver cancer is the fifth most common 

cancer and second cancer in terms of mortal-

ity in the world (Li et al., 2019b; Momeni-

movahed and Salehiniya, 2019). The number 

of new cases and deaths from liver cancer was 

841,080 and 781,631, respectively, in 2018 

(Bray et al., 2018). Liver cancer has a poor 

prognosis, mainly due to the diagnosis in 

many cases is made late or inaccurate (IARC, 

2022; Jiao et al., 2019; Marzbani et al., 2019). 

The five-year survival rate in liver cancer is 

poor and is less than 20 % (Fang et al., 2017). 

Moreover, the recurrence rate of liver cancer 

following surgery is high equal to 70-80 % 

(De Cicco et al., 2019; Du et al., 2014). Vari-

ous types of treatment have been used for 

liver cancer, including surgical resection and 

chemotherapy (Rabinel et al., 2017). 

Albendazole (ABZ) is a benzimidazole 

carbamate with anthelmintic activity. It func-

tions through targeting and destruction of the 

β-tubulin structure to restrain the microtubule 

polymerization (Liu et al., 2020). Recent 

studies have demonstrated that ABZ can re-

strain microtubule polymerization, and this 

can cause anti-tumor activity against various 

tumors, such as liver cancer (Liu et al., 2020; 

Pourgholami et al., 2001). Moreover, scien-

tists have demonstrated that ABZ can cause a 

significant decrease in the activity of hypoxia-

inducible factor-Iα (HIF-1α) and vascular en-

dothelial growth factor (VEGF) in ovarian 

cancer that restrains tumor angiogenesis, and 

as a result, decreasing the symptoms of ascites 

(Noorani et al., 2015). ABZ has also been 

found as a radiosensitizer in tumor models 

(e.g., metastatic melanoma and small cell 

lung cancer) as it can induce DNA damage 

(Patel et al., 2011). 

Despite the wide range of applications, 

the use of ABZ is restricted owing to low wa-

ter solubility (2.7 µM), which leads to negli-

gible or variable bioavailability following ad-

ministration (Deodhar et al., 2017). Many ef-

forts have been made to overcome this barrier, 

such as the use of various solvents (Ibrahim et 

al., 2020), solid dispersion (Maleki et al., 

2017), and microparticles and nanoparticles 

(NPs). Among all of these strategies, the most 

successful ones are developing the formula-

tions of ABZ using nanocomplexes and NPs 

(Deodhar et al., 2017). 

NPs are potent to enhance the efficacy of 

drugs (Alavi and Ebrahimi Shahmabadi, 

2021a; Alavi et al., 2013, 2014; Movahedi et 

al., 2014) and reduce their adverse side effects 

(Alavi and Ebrahimi Shahmabadi, 2021b; 

Ghaferi et al., 2020a; Shahabi et al., 2014). 

Various NPs have been used for the delivery 

of anticancer drugs (Ebrahimi Shahmabadi et 

al., 2014; Koohi Moftakhari Esfahani et al., 

2014, 2018). In this regard, mesoporous silica 

NPs (MSNPs) have drawn considerable atten-

tion as controlled drug delivery systems 

(Mahmood et al., 2020). 

MSNPs are solid materials containing 

hundreds of arranged empty mesopores with 

a high capacity of loading for hydrophobic 

and hydrophilic drugs (Rahikkala et al., 

2018). They are cost-effective nanomaterials 

with low toxicity, tunable pore size, and sim-

ple fabrication method (Li et al., 2019a; Raza 

et al., 2019). Their surface can be readily 

functionalized (Deodhar et al., 2017) to im-

prove their cellular uptake. Due to several at-

tractive properties, such as large surface area 

and pore volume, as well as long regular pore 

structure, MSNPs are able to improve drug 

solubility. Also, these carriers, compared to 

various other polymers utilized to increase 
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drug solubility, have demonstrated higher 

thermal resistance, higher levels of resistance 

to pH, and superior stability on storage. The 

porous structure of MS materials allows them 

to confine and stabilize the amorphous state 

of drug molecules within the pores rather than 

the crystalline state, resulting in an increase in 

the solubility rate of the drug molecules 

(Adrover et al., 2020; Ghaferi et al., 2021). To 

synthesize MSNPs, a surfactant micelle is 

used as a template to direct the polymeriza-

tion of silica components (see graphical ab-

stract, Figure 1) (Mehmood et al., 2017). 

MSNPs are successfully utilized for oral de-

livery of hydrophobic drugs, where they can 

cause an improvement in the dissolution rate 

and bioavailability of these drugs (Koohi 

Moftakhari Esfahani et al., 2021a; Tawfeek et 

al., 2019). 

The low water solubility of drugs causes 

their low absorption, and as a result, their low 

bioavailability (Chaudhari and Handge, 

2020), which, in turn, can lead to a significant 

decrease in the therapeutic response and an 

increase in the overall dose (Abu-Huwaij, 

2018). ABZ, due to low water solubility, has 

low bioavailability after oral administration 

(Pavan Kumar et al., 2007; Savio et al., 1998). 

The present study aimed to provide a nano-

platform of ABZ using MSNPs with an en-

hanced therapeutic response against liver can-

cer. For this purpose, ABZ was loaded into 

the Mobil Composition of Matter No. 41 

(MCM-41) NPs, which are high-ordered mes-

oporous materials (Yao et al., 2001). Next, the 

in vitro characterization of ABZ-loaded NPs 

was conducted in terms of size, size distribu-

tion, zeta potential, morphology, chemical 

bonds, specific surface area, thermal stability 

using dynamic light scattering (DLS), scan-

ning (SEM) and transmission (TEM) electron 

microscopy, Fourier transform-infrared (FT-

IR), Brunauer–Emmett–Teller (BET), differ-

ential scanning calorimetry (DSC) and ther-

mogravimetric analysis (TGA) methods, re-

spectively. The efficacy of ABZ either in the 

encapsulated form in MCM-41 NPs or free 

form was evaluated on HepG2 cells using 3-

[4,5-dimethylthiazol-2-yl]-2,5 diphenyl te-

trazolium bromide (MTT) and cell migration 

assays. 

 

MATERIALS AND METHODS 

N-cetyltrimethylammonium bromide 

(CTAB), dimethylsulfoxide (DMSO), tetrae-

thylorthosilicate (TEOS), acetone, sodium 

hydroxide (NaOH), phosphate-buffered sa-

line (PBS), MTT, and ABZ were purchased 

from Merck (Darmstadt, Germany). Roswell 

Park Memorial Institute (RPMI)-1640 me-

dium, Pen/Strep antibiotics, and fetal bovine 

serum (FBS) were purchased from Gibco 

(Waltham, MA, USA). Human liver cancer 

HepG2 cells were supplied from the Pasteur 

Institute of Iran (Tehran, Iran). 

 

Synthesis of MCM-41 

To synthesize MCM-41 NPs, 1 g of 

CTAB was added to 480 mL MilliQ water and 

stirred (700 RPM, room temperature) to ob-

tain a clear solution. Next, NaOH solution 

(3.5 mL, 2 M) was added (1 mL/min) to the 

solution, and the mixture was heated to 80 ℃ 

using an oil bath under continuous stirring. 

While heating, 6.7 mL of TEOS was added (1 

mL/min) to the mixture, stirred (700 RPM, 2 

h), and vacuum filtered. The solution was 

then washed with MilliQ water three times, 

and to dry the resulting precipitate, it was put 

in an oven at 60 ℃ overnight. The dried pre-

cipitate was crushed and heated to 550 ℃ for 

5 h using a muffle furnace to remove any re-

maining surfactant (CTAB). 

 

Drug loading into MCM-41 

Forty milligrams of ABZ were dissolved 

in 50 mL of acetone using a bath sonicator (50 

Hz, 5 min). Next, 160 mg of MCM-41 NPs 

was added to the mixture and stirred (over-

night, room temperature). The organic solvent 

was then removed using a rotary evaporator 

(40 ℃). The drug-loaded nanoparticles were 

scratched off from the bottom of the vessel. 
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Characterization of nanoparticles 

Dynamic light scattering 

The size, size distribution, and zeta poten-

tial of MCM-41 and ABZ-loaded MCM-41 

NPs were determined using Zetasizer instru-

ment (Malvern, UK). For this purpose, a sus-

pension of both nanoparticles (100 µg/mL) 

was provided in PBS (pH 7.4) using a bath 

sonicator (10 min), and the suspensions were 

introduced to the instrument. 

Transmission electron microscopy 

The morphology of ABZ-loaded MCM-

41 NPs was studied using TEM (Alavi et al., 

2021) (Zeiss, EM10C, 80 kV, Oberkochen, 

Germany). For this purpose, 20 µL of the na-

noparticles suspension was placed on a cop-

per grid and imaged. 

Scanning electron microscopy 

The morphology of ABZ-loaded MCM-

41 NPs was evaluated using SEM XL30 

Philips (Eindhoven, The Netherlands) in a 

high vacuum mode. The nanoparticles were 

first coated with gold and then evaluated by 

the SEM instrument. 

Fourier transformed infrared spectroscopy 

The structure and chemical composition 

of MCM-41 NPs before and after loading 

with ABZ were characterized by Fourier-

transform infrared spectroscopy (FTIR) 

(Bruker FRA model 106/5). The KBr tablets 

with KBr:ABZ, KBr:MCM-41 NPs, and 

KBr:ABZ-loaded MCM-41 NPs ratio of 

100:1 were provided, and the related FTIR 

spectra were obtained in a frequency range of 

400-4000 cm-1. 

Thermogravimetric analysis and differential 

scanning calorimetry 

Five milligrams of ABZ, MCM-41 NPs, 

and ABZ-loaded MCM-41 NPs were charac-

terized in terms of thermal properties and 

thermal composition using a TGA/DSC In-

struments LINSIES STP PT-1000 with a heat-

ing rate of 10 ℃/min and under an air ambi-

ent. 

Drug release from nanoparticles 

ABZ-loaded MCM-41 NPs (equal to 0.3 

mg ABZ) were suspended in 5 mL PBS (pH 

1.9 and 7.4) and stirred at 200 RPM at room 

temperature. At various time intervals (0.25, 

0.5, 1, 2, 4, 6, 8, 10, 12 h), 50 µL was taken 

out and centrifuged. The drug concentrations 

in the samples were measured using the high-

performance liquid chromatography (HPLC) 

method. Next, the cumulative drug release 

was calculated using the following equation: 

𝐷𝑟𝑢𝑔 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 (%) =

 
𝑅𝑒𝑙𝑒𝑎𝑠𝑒 𝑑𝑟𝑢𝑔 𝑓𝑟𝑜𝑚 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 (𝑚𝑔)

𝑇𝑜𝑡𝑎𝑙 𝑑𝑟𝑢𝑔 𝑖𝑛 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 (𝑚𝑔)
× 100      (1) 

The kinetics of the drug release was then 

determined using mathematical models, in-

cluding zero-order, first-order, Higuchi and 

Korsmeyer-Peppas models (Ramezani Farani 

et al., 2020, 2019). 

Brunauer-Emmett-Teller surface area analy-

sis 

The total surface area and pore size distri-

bution of MCM-41 NPs before and after load-

ing with ABZ were measured by a surface 

area and pore size analyzer (BELsorp-mini II, 

Japan) and Barrett–Joyner–Halenda (BJH) 

methods. For this purpose, 70 mg of MSNPs 

and ABZ-loaded MCM-41 NPs were de-

gassed prior to analysis. BET surface area and 

pore size were then measured by N2 adsorp-

tion using a surface area and pore size ana-

lyzer (BELsorp-mini II, Japan). 

 

Biological effects of the nanoparticles 

Cytotoxicity studies 

The cytotoxicity effects of ABZ-loaded 

MCM-41 NPs compared to ABZ were evalu-

ated using an MTT assay, as described previ-

ously (Alavi et al., 2020). For this purpose, 

HepG2 cells were cultured in RPMI-1640 me-

dium supplemented with 10 % FBS and 1 % 

penicillin/streptomycin antibiotics in a 96-

well plate at a density of 104 cells/well. After 

24 h incubation in a humidified incubator 

(37 ℃, 5 % CO2), the media were discarded, 

and the cells were treated with ABZ and 
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ABZ-loaded MCM-41 NPs at the drug con-

centrations of 0, 3.1, 6.3, 12.5, 25, 50, and 100 

µM prepared from 250 μM stocks of ABZ in 

5 % v/v DMSO-water. The plates were incu-

bated (5 % CO2, 37 ℃) for 24 h, and the me-

dia were replaced with MTT solution (100 

µL, 0.5 mg/mL PBS). After 4 h incubation 

(5 % CO2, 37 ℃), the MTT solution was re-

moved, and 100 µL of DMSO was added to 

each well to dissolve the formazan crystals. 

After 20 min incubation (5 % CO2, 37 ℃), the 

absorbance was measured at 540 nm using a 

microplate scanning spectrophotometer 

(ELISA reader, Organon Teknika, Boxtel, the 

Netherlands), and the cell viability was meas-

ured using the formula below. 

𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =

 
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒𝑠𝑎𝑚𝑝𝑙𝑒−𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑
×

100                  (2) 

where negative control and background 

were the treated cells with only media, and 

only media, respectively. All experiments 

were performed in triplicate.  

Cell migration 

To evaluate the effects of the standard 

ABZ and ABZ-loaded MCM-41 NPs on 

HepG2 cell migration, the cells were cultured 

in 12-well plates containing RPMI 1640 me-

dium. At 90-95 % confluency, the scratches 

were introduced onto the monolayer cell sur-

faces by a 200 µL sterile pipette tip, and a 

cell-free area was developed. The cellular de-

bris was removed by gentle washing using a 

culture medium, and the scratches were im-

aged (0 h). Next, the media were discarded, 

and the cells were treated with the standard 

ABZ and ABZ-loaded MCM-41 NPs at the 

drug concentrations of 25 µM. The plates 

were then incubated (5 % CO2, 37 ℃) for 24 

h. The scratches were imaged after 24 h, and 

their area in each well was measured and an-

alyzed. Finally, the efficacy of ABZ and 

ABZ-MCM-41 NPs to inhibit cell migration 

was calculated as a percentage using the fol-

lowing formula: 

𝐶𝑒𝑙𝑙 𝑚𝑖𝑔𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =

𝐺𝑎𝑝 𝑤𝑖𝑑𝑡ℎ 𝑎𝑡 𝑡𝑖𝑚𝑒 24 ℎ− 𝐺𝑎𝑝 𝑤𝑖𝑑𝑡ℎ 𝑎𝑡 𝑡𝑖𝑚𝑒 0

𝐺𝑎𝑝 𝑤𝑖𝑑𝑡ℎ 𝑎𝑡 𝑡𝑖𝑚𝑒 24 ℎ
×

100  (3) 

Statistical analysis 

All statistical analyses were performed 

using GraphPad Prism software version 8.00. 

ImageJ software (NIH, USA) was used to 

measure cell migration. Size, size distribu-

tion, drug loading efficiency, N2 adsorption, 

cell viability data, and cell migration date 

were expressed as the mean ± standard devia-

tion (SD, n = 3). Statistical differences were 

analyzed by one-way analysis of variance 

(ANOVA) test. Statistical analysis was per-

formed using nonlinear regression analysis, 

and comparisons were made for the half-max-

imal inhibitory concentration (IC50; the inhib-

itory concentration, which causes a decrease 

of 50 % in cell growth compared with un-

treated control) values utilizing Tukey’s test. 

 

RESULTS AND DISCUSSION 

Characterization of nanoparticles 

Dynamic light scattering 

MCM-41 NPs were successfully synthe-

sized using CTAB, as a precursor, and TEOS, 

as the silicate source. The synthesized NPs 

were first characterized in terms of size. The 

size of NPs is a determinant factor affecting 

the efficiency of loaded therapeutics in that 

smaller NPs are more internalized into cells, 

thereby increasing the intracellular concentra-

tion of the loaded therapeutics (Ghaferi et al., 

2020b). NPs with a size below 300 nm are ef-

ficiently internalized into target cells and ex-

hibit their pharmaceutical effects (Liu et al., 

2014). The resulting NPs, in the present study, 

were found with a size below 300 nm (220 ± 

11.5 and 293 ± 8.7 nm, for MCM-41 NPs and 

ABZ-loaded MCM-41 NPs, respectively, 

Figure 2a) (Pandey et al., 2018; Tzankova et 

al., 2019). Also, size distribution is a critical 

factor that affects various properties of NPs, 

such as biological effects (Ho, 2014), repro-

ducibility (Syned, 2014), and stability (Dhome
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Figure 2: (a) i) Hydrodynamic diameter and ii) zeta potential of Mobil Composition of Matter No. 41 
(MCM-41) and albendazole (ABZ)-loaded MCM-41 NPs, measured by the dynamic light scattering 
(DLS) method. As the results demonstrated, both NP formulations were formed at the nanoscale size 
(220 ± 11.5 and 293 ± 8.7 nm for MCM-41 and ABZ-loaded MCM-41 NPs, respectively). Also, as the 
Figure shows, both NPs had negative zeta potential equal to -36.3 ± 4.57 and -33.0 ± 4.93 mV, respec-
tively. (b) i) Transmission electron microscopy (TEM) and ii) scanning electron microscopy (SEM) of 
ABZ-loaded MCM-41 NPs. As the TEM image demonstrates, mesoporous NPs with a hexagonal array 
of channels were formed. Also, the SEM image demonstrates that ABZ-loaded MCM-41 NPs were syn-
thesized as homogeneous spheres without any discernible aggregation (×100,000 mag). (c) Fourier-
transform infrared spectroscopy (FTIR) spectra of ABZ, MCM-41, and ABZ-loaded MCM-41 NPs. The 
peaks related to pure ABZ (e.g., 1623 cm−1, demonstrated by arrows) were observed in the spectrum 
of ABZ-loaded MCM-41 NPs, confirming that ABZ was loaded into the NPs. Also, as the ABZ-related 
peaks remained intact in ABZ-loaded MCM-41 NPs, it could be concluded that the drug was loaded into 
these NPs physically.
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et al., 2018). Particles with varying sizes have 

various properties in terms of i) blood circu-

lation, ii) cellular uptake, and iii) biodistribu-

tion (Ho, 2014). Also, increasing the particle 

size and size distribution can result in the 

physical instability of NPs (Dhome et al., 

2018). The size distribution of MCM-41 and 

ABZ-loaded MCM-41 NPs were equal to 

0.214 and 0.282, respectively, indicating that 

these NPs were homogenous and monodis-

perse (He et al., 2020; Honary et al., 2013). 

Also, the zeta potential of NPs is an important 

factor to determine the stability of NPs sus-

pension as NPs with the same charge (positive 

or negative) in aqueous solutions with low 

ionic strength repulse each other, and this re-

strains their aggregation (Ghaferi et al., 

2020b; Koohi Moftakhari Esfahani et al., 

2021b). The zeta potential of MCM-41 and 

ABZ-loaded MCM-41 NPs were found to be 

-36.3 ± 4.57 and -33.0 ± 4.93 mV, respec-

tively. 

Transmission electron microscopy 

TEM was used to evaluate the size and 

structural features of ABZ-loaded MCM-41 

NPs. The results of TEM confirmed the re-

sults of DLS and demonstrated that the NPs 

were synthesized at the nanoscale size. As 

Figure 2b shows, the NPs were formed in uni-

form nanospheres. Also, the porous structure 

of these NPs can be clearly observed. 

Scanning electron microscopy 

SEM was used to evaluate the surface 

morphology and size distribution of ABZ-

loaded MCM-41 NPs. The SEM image of the 

NPs demonstrated that these particles were 

synthesized as homogenous and spherical 

NPs, which had a smooth surface (Figure 2b). 

Also, it demonstrated that ABZ-loaded 

MCM-41 NPs were well dispersed without 

aggregation.  

Fourier Transformed Infrared Spectroscopy 

Figure 2c demonstrates the FTIR of pure 

ABZ. The peak assigned to 3323 cm−1 was re-

lated to the stretching vibration mode of am-

ide N-H. The absorption band observed at 

around 2960 cm−1 was related to the aliphatic 

hydrocarbon group (C-H). The ester C=O 

bond of the carbamate portion was observed 

at about 1713 cm−1. The peak related to the 

aromatic C=C bond was observed at around 

1623 cm−1, which along with the amide N-H 

bond, constitute the benzimidazole portion of 

the drug. The peak observed at around 

1523 cm−1 indicated the stretching vibration 

mode of the C=N group (Adrover et al., 

2020). Overall, the FTIR spectrum indicated 

normal bands of pure ABZ (Adrover et al., 

2020). Also, the bands related to asymmetric 

and symmetric Si-O-Si stretches of MCM-41 

were observed at 1110 and 825 cm-1, respec-

tively. A peak at around 980 cm-1 was also re-

lated to the tension of the Si-OH bonds of the 

MCM-41 compound (Giraldo et al., 2019). 

The existence of ABZ related peaks in ABZ-

loaded NPs (e.g., 1623 cm−1, demonstrated by 

arrows in Figure 2c) confirmed that ABZ was 

loaded into the NPs. According to the results, 

ABZ preserved its chemical bonds in MCM-

41 NPs, indicating the physical loading of 

ABZ into the NPs. 

Thermogravimetric analysis and differential 

scanning calorimetry 

To determine the drug loading efficiency 

and thermal stability of ABZ, the TGA curves 

(mass vs. temperature) of ABZ, MCM-41, 

and ABZ-loaded MCM-41 NPs were meas-

ured. According to the results (Figure 3a), an 

initial weight loss occurred in MCM-41 NPs 

at around 250 ℃ due to the evaporation of ab-

sorbed water molecules, indicating the hydro-

philic nature of this carrier, which is an ad-

vantage for loading of poorly water-soluble 

drugs (Khezri et al., 2014). Also, ABZ-loaded 

MCM-41 NPs started to be degraded at 150 

℃ and continued up to 900 ℃. This resulted 

in a mass loss of 30 %, which was related to 

the degradation of ABZ. Based on the results, 

the amount of ABZ adsorbed onto the NPs 

was 30 %. ABZ was almost completely de-

graded at 900 ℃ (Figure 3a).  

DSC analysis can be used to investigate 

the existence or absence of a crystalline drug 

(e.g., ABZ) in the pores of mesoporous NPs 

(Alamdarnejad et al., 2013; Jafari et al., 

2016). Also, this method can be used to study 

the glass transition temperature (Tg) of the 
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Figure 3: (a) Thermogravimetric analysis (TGA) 
thermograms of albendazole (ABZ), Mobil Com-
position of Matter No. 41 (MCM-41), and ABZ-
loaded NPs and (b) differential scanning calorim-
etry (DSC) profiles of ABZ, MCM-41, and ABZ-
MCM-41 NPs. Panel a shows, MCM-41 NPs ex-
perienced an initial weight loss at 250 °C, resulting 
in approximately 3 % weight loss. ABZ-loaded 
NPs were also decomposed at two temperatures, 
150 and 450 °C, and this decomposition led to a 
decrease of 30 % in the mass of the formulation. 
In addition, ABZ was completely degraded when 
the temperature reached 900 °C. In panel b, pure 
ABZ showed a melting endothermic peak around 
200 °C, while there were no obvious peaks in the 
thermogram of MCM-41 NPs. A melting endother-
mic peak but not sharp was also observed in the 
thermogram of ABZ-MCM-41 NPs at around 
170 °C, which could be attributed to the crystalline 
anhydrous state of ABZ. 

 

 

samples, where at the temperature above Tg, 

various physical properties of a material, such 

as free molecular volume, heat capacity, ther-

mal expansion coefficient, dielectric coeffi-

cient, and viscoelastic features, suddenly 

change (Bhandari and Howes, 1999; Khezri et 

al., 2014). Figure 3b illustrates the DSC pro-

files of the standard ABZ, MCM-41, and 

ABZ-loaded MCM-41 NPs. As MCM-41 

NPs did not have any transitions in the tem-

perature range of 50-350 ℃, only the thermal 

transition of ABZ was observed (Khezri et al., 

2014). Thus, a melting endothermic peak at 

around 200 ℃ was observed in the thermo-

gram of ABZ, which is indicative of a crystal-

line anhydrous state of the drug. Also, the 

DSC profile of ABZ-MCM-41 demonstrated 

a melting endothermic peak around 170 ℃, 

which was related to the crystalline anhydrous 

state of ABZ, confirming drug loading into 

NPs. 

Drug release from nanoparticles 

Several daily doses of a drug are needed 

to attain and preserve the therapeutic concen-

tration of the drug. This might lead to signifi-

cant fluctuations in the plasma concentration 

of the drug (Fahr and Liu, 2007), resulting in 

a decrease in the concentration beyond the 

minimum effective concentration, or an in-

crease in the concentration above the mini-

mum toxic concentration, and consequently, 

resulting in the lack of therapeutic effects or 

unfavorable toxic effects (Ghaferi et al., 

2020b). These fluctuations in the plasma drug 

concentration can be reduced using sustained-

release and controlled-release drug delivery 

systems, leading to improvements in the ther-

apeutic outcome of the drug (Porta-i-Batalla 

et al., 2016). 

In the present study, in order to simulate 

the pH changes in the gastrointestinal tract, 

the drug release was evaluated at pH 1.9 and 

7.4, corresponding to the pH values of the hu-

man stomach (Kavousi et al., 2019) and intes-

tinal fluids (Chen et al., 2008), respectively. 

The results demonstrated that the release of 

ABZ from MCM-41 NPs was initiated with a 

burst release, in which in the first 15 min of 

the study, 62 and 70 % of the loaded ABZ was 

released at pH 1.9 and 7.4, respectively (Fig-

ure 4). The burst drug release could stem from 

the release of the adsorbed drug onto the NPs 

or weakly bound between the drug and the 

NPs surface (Ghaferi et al., 2020a). In addi-

tion, by increasing the surface area of NPs, the 

amount of initial burst release increased 

(Alavi et al., 2019). The pattern of the drug 

release continued with a gradually increasing 

trend at both pH values, in which 75 and 80 % 

of the loaded drug were released after 12 h, 
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indicating a sustained and controlled drug re-

lease pattern. 

 

 

 

Figure 4: The cumulative percentage of albend-
azole (ABZ) release versus time from ABZ-loaded 
Mobil Composition of Matter No. 41 (MCM-41) 
NPs at pH 1.9 and 7.4. As the results showed, a 
burst drug release from the NPs occurred at the 
first 15 min of the study, leading to the release of 
62 and 70 % of the loaded drug at pH 1.9 and 7.2, 
respectively. The release was then continued with 
a sustained and controlled release in the remain-
ing time of the study. Statistical analyses were 
performed using one-way analysis of variance 
(ANOVA) and F-tests. The data are expressed as 
mean ± SD (n = 3). 

 

 

Also, according to the results, the drug re-

lease was pH-dependent; however, the differ-

ence in the amount of the drug release be-

tween the two pHs was not statistically signif-

icant. These results were approximately simi-

lar to the results of Nguyen et al.’s study 

(2017), where the difference in the amount of 

drug (prednisolone) release from MSNs at pH 

1.9 and pH 7.4 was ~ 2 %. In the current 

study, the difference in the amount of drug re-

lease in two pHs could be related to various 

factors, such as MSNPs agglomeration at 

acidic pH and variation in the surface charge 

of the nanoformulation in different pH 

(Vazhayal et al., 2014; Zeleňák et al., 2018). 

At acidic pH (pH 1.9), the drug release from 

the pores of the agglomerated particles is in-

hibited, resulting in lower drug release 

(Zeleňák et al., 2018). Also, to determine the 

kinetics of the drug release, the profiles of 

drug release were analyzed using different ki-

netic models, including zero and first order, 

Higuchi, and Korsmeyer Peppas models, and 

the correlation coefficient values were deter-

mined for the linear curves. Based on the re-

sults, the higher R2 values (0.3766 and 0.4156 

at pH 1.9 and 7.4, respectively) were obtained 

in the Higuchi model compared to other drug 

release models; thus, the drug release from the 

nanoformulation at both pH followed the Hi-

guchi kinetic model. 

Brunauer-Emmett-Teller surface area  

analysis 

The N2 adsorption/desorption isotherms 

of the calcined MCM-41 and ABZ-loaded 

MCM-41 NPs are demonstrated in Figure 5. 

MCM-41 and ABZ-loaded MCM-41 NPs 

demonstrated the behavior of the mesoporous 

material and type IV isotherm based on the 

IUPAC isotherm classification system. These 

isotherms can be divided into three steps, in-

cluding i) a linear increase in N2 adsorption, 

occurring at relatively low pressure owing to 

the monolayer adsorption of N2 on the wall of 

MCM-41 and ABZ-loaded MCM-41 NPs; ii) 

capillary condensation of N2 inside the meso-

pores, which is indicative of narrow pore size 

distribution; and iii) saturation step, presented 

as a long plateau at higher pressures owing to 

the low N2 adsorption onto the external sur-

face of the calcined MCM-41 and ABZ-

loaded MCM-41 NPs (Khezri et al., 2014). 

Based on these results, the surface volume for 

MCM-41 and ABZ-loaded MCM-41 NPs was 

found to be 540 and 380 m2/g, respectively, 

while the pore size for these formulations was 

found to be 2.5 and 2.1 nm, respectively. In 

addition, the pore volume of MCM-41 and 

ABZ-loaded MCM-41 NPs was determined 

to be approximately 0.75 and 0.46 cm3/g, re-

spectively. 
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Figure 5: N2 adsorption/desorption isotherms of 
Mobil Composition of Matter No. 41 (MCM–41) 
and albendazole (ABZ)-MCM-41 NPs for measur-
ing their (a) surface volume and (b) pore size. As 
the results showed, a sharp increase in the N2 up-
take around p/p* 0.3 occurred, which could be at-
tributed to capillary condensation in cylindrical 
pores of MCM-41 and ABZ-loaded MCM-41 NPs. 
Also, the surface volume and pore size of the car-
rier decrease after drug loading. However, this de-
crease does not affect the mesoporous structure 
of this carrier. 

 

 

Biological effects of the nanoparticles 

Cytotoxicity studies 

The cytotoxicity effects of ABZ, MCM-

41, and ABZ-loaded MCM-41 NPs were in-

vestigated on HepG2 cells using MTT assay 

to determine if ABZ loading into NPs caused 

enhanced cytotoxicity effects or not. For this 

purpose, ABZ at the concentrations of 0, 3.1, 

6.3, 12.5, 25, 50, and 100 µM were used as 

these concentrations encompass the reported 

serum concentration of ABZ (4.3 µM), when 

administered at the standard doses (10 

mg/kg/day). Also, a significantly higher drug 

concentration (100 µM) was used to make the 

toxicity more pronounced. The results 

demonstrated that MCM-41 NPs, at the con-

centration of 25 µg/mL, had no toxicity ef-

fects on the cells. It was found that ABZ load-

ing into NPs caused a significant increase in 

the cytotoxicity effects of the drug in a con-

centration-dependent manner (Figure 6a), in 

which the IC50 values for ABZ and ABZ-

MCM-41 NPs were estimated 23 and 7.9 µM, 

respectively. 

 

 

Figure 6: (a) Cell viability effects of albendazole 
(ABZ) and ABZ-loaded Mobil Composition of Mat-
ter No. 41 (MCM-41) NPs on HepG2 liver cancer 
cells after 24 h. As the Figure demonstrates, the 
loading of ABZ into MCM-41 NPs caused a signif-
icant reduction in HepG2 cell viability compared to 
that of the standard drug (P<0.05). The data were 
expressed as mean ± SD (n = 3). (b) Effects of 
ABZ and ABZ-loaded MCM-41 NPs on the HepG2 
cells migration i) before (0 h) and ii) after (24 h) 
cell treatment (×40 mag). Both ABZ and ABZ-
loaded MCM-41 NPs restrained the cell migration 
by approximately 12 %, confirming the cytotoxicity 
effects of ABZ and ABZ-MCM-41 NPs. 

 

Cell migration 

Migration is a distinctive feature of cellu-

lar behavior that contributes to embryogene-

sis, tissue remodeling, wound healing, and pa-

thologies, such as cancer metastasis and inva-

sion (Glenn et al., 2016; Grada et al., 2017). 

The cell migration was determined using 

HepG2 cells at different time intervals to rec-

ognize the distance at which cancer cell inva-

sion happened. A scratch was generated and 
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treated with ABZ and ABZ-loaded MCM-41 

NPs at the drug concentration of 25 µM. The 

cancer cell migration was monitored by tak-

ing pictures at times 0 and 24 h (Figure 6b). 

As the results demonstrated, both ABZ (gap 

width of 453 and 514 µm at times 0 and 24 h, 

respectively) and ABZ-loaded MCM-41 NPs 

(gap width of 933 and 1065 µm at times 0 and 

24 h, respectively) inhibited cell migration by 

approximately 12 %. This indicated that, after 

loading ABZ with MCM-41 NPs, its potency 

to inhibit cell migration was unchanged. 

 

CONCLUSION 

Poorly water-soluble drugs have low ab-

sorption, and consequently, have low bioa-

vailability (Chaudhari and Handge, 2020), 

which causes a considerable decrease in the 

therapeutic response and an increase in the 

overall dose (Abu-Huwaij, 2018). ABZ has 

poor water solubility, and as a result, has low 

bioavailability (Savio et al., 1998). MSNPs 

are able to increase the solubility rate of 

poorly water-soluble drugs (Adrover et al., 

2020; Ghaferi et al., 2021). The present study 

aimed to increase the efficacy of ABZ against 

liver cancer cells through loading into MCM-

41 NPs. The MCM-41 and ABZ-loaded 

MCM-41 NPs were successfully synthesized 

using CTAB as a precursor. The characteriza-

tion results demonstrated that nanoscale size 

particles were constructed. Both NPs were 

monodisperse with high thermal stability. 

MCM-41 NPs demonstrated high potency for 

the loading of ABZ (with the drug loading ef-

ficiency of 30 %), which is a poorly water-

soluble drug. This can cause a significant in-

crease in ABZ solubility and, as a result, drug 

bioavailability. Also, ABZ-loaded MCM-41 

NPs can significantly increase the cytotoxi-

city effects of ABZ (by 2.6-fold) against liver 

cancer HepG2 cells. Also, the cell migration 

results demonstrated that both ABZ and ABZ-

MCM-41 NPs could inhibit cancer cell migra-

tion by approximately 12 %. Overall, the re-

sults of the present study suggest evaluating 

the efficacy of ABZ-loaded MCM-41 NPs in 

vivo environment. 
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