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Introduction
Ovarian cancer is the eighth most prevalent form of the 
disease among women, although it is the fifth largest 
cause of death from a tumor. This disease is usually 
diagnosed in the metastatic phase; thus, timely diagnosis 
and appropriate treatment strategy offer remarkable 
importance.1 It is estimated that in 2021, approximately 
21 410 cases of ovarian cancer were diagnosed in the 
US, which caused 13 770 cases of women's death.2 The 
prevalence of ovarian cancer is complicated due to the 
association of different heterogeneous malignancies. Early 
diagnosis of this disease using effective screening could be 
a valuable approach to improve the treatment outcomes. 

Several clinical procedures such as physical examinations, 
computed tomography, magnetic resonance imaging, 
positron emission tomography, ultrasonography, and 
tissue biopsy in conjunction with cancer antigen 125 
(CA125) detection are implemented for the diagnosis 
of ovarian cancer.3 Mucin 16, also known as CA125, 
has been used as one of the diagnostic markers over the 
years. It is a glycoprotein aberrantly overexpressed in 
ovarian cancer cells and a key tumor marker for detecting 
ovarian cancer.4,5 Although common chemotherapeutics 
seem to help many women, the adverse side effects are 
often severe, limiting their administration. One of the 
promising approaches to avert undesired side effects 

*Corresponding author: Jaleh Barar, Email, jbarar@gmail.com; Ayuob Aghanejad, Email: aghanejaday@tbzmed.ac.ir

 © 2023 The Author(s). This work is published by BioImpacts as an open access article distributed under the terms of the 
Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0/). Non-commercial uses of 
the work are permitted, provided the original work is properly cited.

ccess
PPuubblliisshh  FFrreeee

PRESS

TUOMS
BioImpacts

B
PRESS

TUOMS

BioImpacts

B

Abstract
Introduction: Mesoporous silica 
nanoparticles (MSNPs) are considered 
innovative multifunctional structures 
for targeted drug delivery owing to 
their outstanding physicochemical 
characteristics. 
Methods: MSNPs were fabricated using 
the sol-gel method, and polyethylene 
glycol-600 (PEG600) was used for MSNPs 
modification. Subsequently, sunitinib 
(SUN) was loaded into the MSNPs, 
MSNP-PEG and MSNP-PEG/SUN were 
grafted with mucin 16 (MUC16) aptamers. The nanosystems (NSs) were characterized using FT-
IR, TEM, SEM, DLS, XRD, BJH, and BET. Furthermore, the biological impacts of MSNPs were 
evaluated on the ovarian cancer cells by MTT assay and flow cytometry analysis. 
Results: The results revealed that the MSNPs have a spherical shape with an average dimension, 
pore size, and surface area of 56.10 nm, 2.488 nm, and 148.08 m2g-1, respectively. The cell viability 
results showed higher toxicity of targeted MSNPs in MUC16 overexpressing OVCAR-3 cells as 
compared to the SK-OV-3 cells; that was further confirmed by the cellular uptake results. The cell 
cycle analysis exhibited that the induction of sub-G1 phase arrest mostly occurred in MSNP-PEG/
SUN-MUC16 treated OVCAR-3 cells and MSNP-PEG/SUN treated SK-OV-3 cells. DAPI staining 
showed apoptosis induction upon exposure to targeted MSNP in MUC16 positive OVCAR-3 cells.
Conclusion: According to our results, the engineered NSs could be considered an effective 
multifunctional targeted drug delivery platform for the mucin 16 overexpressing cells. 
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Functionalization of MSNPs with a MUC16 targeting 
agent may lead to an elevation in the accumulation of the 
drug molecules within cancer cells via receptor-mediated 
endocytosis and a decrease in the off-target effects.20

This study was designed considering various aspects. 
First, the MSNPs as robust carriers were synthesized using 
the sol-gel method and coated with bi-carboxylic PEG600 
to improve circulation time. Then SUN, a potentially 
active therapeutic against recurrent ovarian cancer, was 
loaded in the porous structure of NPs. Then, the surface 
was armed with MUC16 aptamer as a homing agent, to 
direct the delivery system toward ovarian cancer cells. 
After the characterization of the engineered MSNPs, their 
biological impacts were evaluated on OVCAR-3 and SK-
OV-3 cells. 

Materials and Methods
Materials 
Cetyl trimethylammonium bromide (CTAB), tetraethyl 
orthosilicate (TEOS), sodium hydroxide (NaOH), 
ethyl acetate, ammonium nitrate, dichloromethane, 
acetone, diethyl ether, dimethyl sulfoxide (DMSO), 
sodium borohydride, 3-(triethoxysilyl)propylamine 
were obtained from Merck (Darmstadt, Germany). 
Thiazolyl blue tetrazolium bromide (MTT) used in 
this study was purchased from Sigma Aldrich (Saint 
Louis, USA) and PEG600 was obtained from Sigma 
Aldrich (Munich, Germany). N-hydroxy succinimide 
(NHS) and dicyclohexyl carbodiimide (DCC) were 
purchased from Alfa Aesar (Heysham, England). Human 
ovarian cancer OVCAR-3 and SK-OV-3 cell lines of 
this investigation were obtained from the National Cell 
Bank of Iran, Pasteur Institute (Tehran, Iran). Amino-
functionalized MUC16 aptamer with the sequence of (5′-
NH2 (C6)ACTAGCTCCGATCTTTCTTATCTAC-3′)21 
was purchased from Bioneer (Daejeon, South Korea). All 
other media and cell culture components not listed were 
purchased from Gibco (Paisley, United Kingdom). 

Preparation of MSNPs-NH2
First, the solution of CTAB (125 mg, 0.34 mmol) was 
prepared in 30 mL of deionized water by stirring, and the 
temperature was raised to 60◦C. Then, NaOH (0.2 N) was 
added to adjust the pH of the solution to 12. Afterward, 
the solution of TEOS (1500 mg, 7 mmol) in ethyl acetate 
(1:4 V/V) was added and stirred for 3 hours at 70˚C. Then 
the solution of 3-(triethoxysilyl) propylamine (40 mg, 0.18 
mmol) in 1 mL of acetone was added to the mixture and 
stirred at 70˚C for 3 hours to allow the formation of MSNPs. 
Then the nanoparticles were collected by centrifugation 
at 2800 ×g and washed with ethanol two times (×2). 
MSNPs were then re-dispersed in an ethanolic solution of 
ammonium nitrate (10 mg/mL) and stirred at 60◦C for 3 
hours. The nanoparticles were washed with ethanol (×3) 
and centrifuged at 2800 ×g to collect them. The MSNPs 
were then re-dispersed in an ethanolic solution of sodium 

and improve therapeutic output is targeting the cancer-
specific markers overexpressed in ovarian cancer. Studies 
have shown that receptor tyrosine kinases (RTKs) are 
considered critical markers for tumor progression and 
resistance to chemotherapy since their complicity has been 
revealed in about one-third of metastatic ovarian cancer.6 
Surprisingly, recurrent drug resistant forms of ovarian 
cancer exhibit more sensitivity to the kinase inhibitors 
than platinum-based treatment regimens.7 

Sunitinib malate, a novel multi-targeted RTK inhibitor, 
has demonstrated moderate effectiveness in several phase 
II clinical trials for ovarian cancer, showing a potential 
treatment regimen for the resistant recurrence of tumor 
in the future.8,9 Furthermore, angiogenesis as a common 
phenomenon in ovarian cancer could also be efficiently 
inhibited by SUN. SUN is one of the foremost selective 
angiogenesis inhibitors targeting the vascular endothelial 
growth factor (VEGF); hence, it has received immense 
attention to combat ovarian cancer.10-12

Nowadays, the development of seamless drug delivery 
systems (DDSs) armed with imaging and targeting agents 
for simultaneous diagnosis and treatment of cancer has 
presented a greater significance because of the selectivity 
and specificity of their effect.13 Pertinently, mesoporous 
silica nanoparticles (MSNPs) regarding their unique 
characteristics such as large surface area (700–1000 m2 
g−1) with high drug loading efficiency, tailor-made pore 
size (0.6–1 cm3 g−1), outstanding biodistribution, and 
biocompatibility are considered as promising nanosystems 
(NSs) for imaging and treatment applications.14 MSNPs 
depending on their capabilities can accumulate in the 
tumor microenvironment (TME) up to 70-fold. This 
preferential accumulation in tumor cells is because 
of two main phenomena: the increased blood vessel 
permeability (presence of fenestrations in vessels) and low 
lymphatic drainage of tissues which collectively is called 
the enhanced permeability and retention (EPR) effect.15 
Furthermore, the usage of biomarkers (such as ligands, 
antibodies, and aptamers) assembled to MSNPs, provides 
valuable targets to develop DDSs for active targeting.16 
The tumor-targeting efficiency of MSNPs depends on  
sufficient localization and penetration into tumor tissue, 
and then adequate binding and internalization into cancer 
cells.17,18 The binding-site barrier phenomenon has been 
raised recently, referring to high-affinity targeting agents 
such as antibodies. High affinity of antibodies prevents 
deep penetration. They tightly bind the cells they first 
meet after extravasation, resulting in the inappropriate 
distribution in tumor tissue. Nevertheless, conjugation of 
aptamers to MSNPs seems to provide a robust alternative 
targeting tool. 

The function of the aptamer is similar to the antibody 
with fewer limitations and immunologic responses. The 
aptamer is a small strand of DNA or RNA that binds to a 
specific target molecule. The MUC16 aptamer has been 
established as a biomarker for diagnostic purposes.19 
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borohydride (5 mg/mL), stirred for 30 minutes, washed 
with ethanol, and collected by centrifugation at 2800 ×g. 

PEG600-2NHS ester preparation
For the preparation of PEG600-2NHS, the solution of 
NHS (3.84 g, 33 mmol) in dichloromethane (15 mL) was 
combined with the solution of PEG600 (10 g, 12 mmol) in 
350 mL of dichloromethane. The solution of DCC (6.88 
g, 33 mmol) in dichloromethane (20 mL) was then drop-
wisely added to the mixture on the stirrer. The mixture 
was stirred overnight at room temperature (RT), and 
afterward, the compounds were filtered and precipitated 
using diethyl ether.

PEGylation of nanoparticles (MSNP-PEG)
The solution of PEG600-2NHS (10 mg) in 1 mL of 
dichloromethane was added to the suspension of MSNPs 
(100 mg) in 4 mL of DMSO, and the stirring of the 
reaction mixture was performed overnight at RT. Then, 
nanoparticles were collected by centrifugation at 5000 
×g and washed with ethanol (×3). The final product was 
dried with the Labconco vacuum freeze-dryer (Kansas 
City, US). 

Drug loading (MSNP-PEG/SUN)
To prepare for drug loading, the SUN solution in DMSO 
(55 mg/2 mL) was added to the suspension of MSNP-
PEG in DMSO (55 mg/1 mL) and the final suspension 
was stirred at RT overnight. NSs were centrifuged at 
5000 ×g and separated. The supernatant which contained 
the unloaded SUN was analyzed to determine loading 
efficiency. SUN-loaded MSNPs were dried using the 
Labconco vacuum freeze-dryer (Kansas City, US).

Determination of SUN loading efficiency
Ultraviolet /Visible (UV/Vis) spectrophotometry (Cecil 
CE 7500, Cambridge, UK) at λ max of 267 nm was used to 

evaluate SUN loading using the following equation. 

SUN loading efficiency = 100 × (Total SUN - Unloaded 
SUN)/ Total SUN.

Decoration of MSNP-PEG/SUN with MUC16 aptamer 
The suspension of MSNP-PEG/SUN (1.5 mg) in 600 
μL nuclease-free water was added to the solution of 5′ 
amino-functionalized MUC16 aptamer (2.5 nmol) in 
100 μL RNase-DNase water and stirred up at ambient 
temperature for 4 hours. The MUC16-decorated NSs were 
harvested by centrifugation at 2500 ×g for 15 minutes. The 
schematic step-by-step process of nanoparticle formation 
is shown in Fig. 1. 

Conjugation of fluorescein isothiocyanate (FITC) to 
MSNP-PEG
As illustrated in Fig. 1, the MSNPs were labeled with FITC 
to evaluate the cellular uptake by flow cytometry. To this 
end, 0.5 mL of NSs suspension in DMSO (7.8 mg/mL) was 
combined with 0.5 mL FITC solution in DMSO (2 mg/
mL) and stirred for 12 hours. Then, NSs were collected 
using centrifugation at 3100 ×g and washed with PBS (×3) 
and kept at 4°C.

Particle size, zeta potential, and surface morphology
The morphology of MSNPs was assessed by transmission 
electron microscopy (TEM) using LEO 906E, Carl Zeiss, 
Oberkochen (Germany) microscope, and scanning 
electron microscopy (SEM) using MIRA3 FEG-SEM 
(Tescan, Czechia). The size and ζ-potential of NSs were 
analyzed by Zetasizer, Nanotrac wave (Microtrac Inc, 
Montgomeryville, PA, USA). The polydispersity index 
(PDI) was utilized to determine the heterogeneity 
of nanoparticles. The functional groups and surface 
modifications of the NSs were confirmed using Fourier 
transform infrared (FT-IR) spectroscopy using Bruker 

Fig. 1. Schematic representation of the MSNPs formulation. MSNPs were fabricated using the sol-gel method and modified by PEG600-2NHS. Then SUN 
was loaded into the MSNPs, and NSs were grafted with MUC16 aptamers.
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Optik GmbH, Ettlingen (Germany) in the range of 400-
4000 cm−1.

Surface area analysis and pore size measurement
Specific surface area and pore size of MSNPs were 
calculated by Barrett-Joyner-Halenda (BJH) and 
Brunauer-Emmett-Teller (BET) analysis. The N2 ADS/
DES isotherms of samples (degassed at 120°C under 
vacuum for 5 hours) were evaluated at 77°K on the 
BELSORP MINI II apparatus (Microtrac BEL Japan). The 
specific surface area of the MSNPs was calculated by the 
BET analysis in an intermediate pressure range of P/P0= 
0.01-0.45 (the linear range of the Langmuir isotherm). 
The BJH method evaluated the pore size distribution of 
MSNPs using the adsorption branch of the ADS/DES 
isotherms. 

Agarose gel electrophoresis
The agarose gel (1% W/V) electrophoresis was carried out 
to verify the attachment of aptamer to the NSs. Briefly, 
MUC16 aptamer (2.8 nmol) was added to the MSNP-PEG 
(1 mg/mL) and stirred up for 4 hours. The aptamer-armed 
nanoparticles were collected by centrifugation at 14000 
×g for 30 minutes. Then, 10 μL of the samples (including 
free aptamer (2.8 nmol) and MSNP-PEG-MUC16) were 
mixed with 1 μL loading dye and then loaded onto the 
electrophoresis gel. The gel was run at 70 V for 1 hour in 
1× TAE buffer and then visualized under UV illumination 
(Syngene IG/LHR-E, Cambridge, UK).

X-ray diffraction analysis (XRD)
The XRD analysis was conducted to determine the 
atomic and molecular structure of MSNPs using the Cu 
K radiation with 1.5406 A◦ as an X-ray generator. The 
diffraction data were recorded between 5 and 70˚ with the 
step of 0.02˚ on Siemens-D 5000 (Aubrey, USA).

In vitro drug release 
To study the drug release from SUN-loaded nanoparticles, 
MSNP-PEG/SUN (2.5 mg/mL) was resuspended in 2 mL 
phosphate buffer release medium with pH values of 5.4, 
6.4, and 7.4 as the condition of endosomes, TME, and 
blood, respectively and placed into a pre-swollen dialysis 
membrane bag (cut-off 2 kDa, Sigma Aldrich). The bag 
was then immersed in 198 mL of phosphate buffer and 
incubated at 37°C for 48 hours. The 2 mL aliquots were 
taken out from release media in predesignated time 
intervals and the volume of the solutions was retained 
constant by the addition of fresh media (2 mL). The 
concentration of released SUN from NSs was measured 
using UV/Vis spectrophotometry at the wavelength of 267 
nm.

Cell culture
The OVCAR-3 and SK-OV-3 cells were cultured in 
RPMI-1640 supplemented with 10% fetal bovine serum 

(FBS), penicillin (100 IU/mL), and streptomycin (100 µg/
mL). The cells were incubated in a humidified CO2 (5%) 
incubator at 37°C.

In vitro cytotoxicity analysis
The prepared formulations and SUN cytotoxicity were 
investigated in the OVCAR-3 and SK-OV-3 cells as mucin 
16 positive22 and negative23,24 cell lines. Both cell lines 
were cultivated in 96-well plates at a seeding density of 
3×103 cells/well, and cells were allowed to stay overnight. 
Then, the cells were treated with varying concentrations 
of MSNPs based on the equivalent concentration of SUN 
(1, 5, 10, and 20 µM). The media was removed at the 
designated time intervals (24, 48 hours), and cells were 
exposed to 20 μL/well of MTT solution (5 mg/mL) and 180 
μL of the fresh media and incubated for 4 hours at 37°C. 
Following the incubation period, the crystals of formazan 
were dissolved in DMSO (200 µL) plus Sorenson's buffer 
(25 µL).25 Then, the absorbance of the product was read 
using an Elisa plate reader (ELX808) (BioTek Instruments, 
USA) at 570 nm, and the cell viability was calculated as the 
percentage of untreated control wells.

Flow cytometry analysis
NSs uptake evaluation
The flow cytometry analysis was carried out to evaluate 
the nanoparticles' uptake by OVCAR-3 and SK-OV-3 
cells. Briefly, the cells were cultivated at a density of 9×104 
cells in 6-well plates for 24 hours. Then, the samples of 
FITC-labeled NSs (MSNP-PEG/SUN-MUC16, MSNP-
PEG/SUN, MSNP-PEG-MUC16, and MSNP-PEG) 
were prepared and added to the cells, allowing the 
internalization for 2 hours. Afterward, the cells were 
washed with PBS (×3), trypsinized, and centrifuged at 160 
×g for 5 minutes and analyzed using FACSCalibur® flow 
cytometer (Becton Dickinson, San Jose, CA, USA), with 
the minimum number of 1.0×104 cells per sample.
Cell cycle evaluation
Cell cycle analysis by quantitative content of DNA was 
accomplished using propidium iodide (PI) stained 
single-cell suspension to distinguish the cell population 
in different growth cycle phases.26 Both cell lines were 
cultivated in 6-well plates for 24 hours and then were 
treated with MSNP-PEG/SUN-MUC16, MSNP-PEG/
SUN, and free SUN. Subsequently, 48 hours post-
seeding, the cells were washed with PBS, trypsinized, 
and centrifuged at 160 ×g for 5 minutes. Afterward, the 
cells were fixed using 70% ice-cold ethanol and incubated 
for 24 hours at 4°C. Next, the cells were collected by 
centrifugation at 200 ×g for 5 minutes and then were 
resuspended in 50 μL of ribonuclease enzyme solution 
(10 μg/mL) and 50 μL PI solution (10 μg/mL) after being 
washed with cold PBS. Then, the cells were incubated in a 
dark room for 30 minutes. Subsequently, the samples were 
analyzed using FACSCalibur® flow cytometer (Becton 
Dickinson, San Jose, CA, USA) via PI bandpass filter in 
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the range of 570-640 nm.

DAPI staining
DAPI staining was performed to evaluate the nuclear 
morphology and chromatin condensation in the treated 
cells. Both cell lines were cultivated with a density of 
6×104 cells in the 12-well plates. Following one night 
of incubation, the cells were exposed to different 
formulations. Subsequently, 48 hours post-seeding, 
the cells were washed with PBS (×3), fixed with 4% 
paraformaldehyde, and permeabilized using 0.1% Triton 
X-100 followed by a final washing step with PBS (×3). 
Afterward, for staining, the cells were incubated with 
200 μL/well of DAPI (200 ng/mL) in the room for 5 
minutes. Finally, PBS was added to the wells to keep the 
cells hydrated. The cells were studied under a fluorescent 
microscope (Cytation 5, Biotek, Winooski, USA).

Statistical analysis
The results were presented as mean ± standard deviation 
(SD). Statistical analysis was conducted by ANOVA using 
GraphPad Prism 8.0.1 software (GraphPad Software Inc., 
USA). A P value of less than 0.05 was determined as the 
statistical difference. 

Results
As shown in Fig. 1, the MSNPs were synthesized using 
the sol-gel method. To increase biocompatibility, MSNPs 
were further functionalized with activated PEG600-2NHS 
molecules. Then, MSNP-PEGs were loaded with SUN and 
decorated with MUC16 aptamers. 

Morphological studies 
As presented in Fig. 2A, the TEM micrograph of MSNP-
PEG depicted a monodisperse view and porous structure 
of MSNPs. Moreover, according to Fig. 2B, the SEM image 
showed the nanoparticles' smooth surface and spherical 
shape.

DLS and zeta potential analysis
The MSNP and MSNP-PEG had an average size of 56.10 
nm and 103 nm, sequentially, and additionally, they 
possessed a surface charge of +6 and -29.6 mv with a PDI 
of 0.17 and 0.23, in the same order (Fig. 2C and 2D). This 
physicochemical analysis verifies that the particles were 
nano-sized and homogeneous. The ascent in the size of the 
nanoparticles also confirmed the successful PEGylation 
of MSNPs. It seems that the size of the nanoparticles in 
SEM was slightly smaller than the measured size in DLS, 
which may contribute to the attenuation or dehydration of 
MSNPs during the imaging process.

FT-IR spectroscopy
The FT-IR spectra analysis of NSs was conducted 
to identify the functional groups and the surface 
modification as illustrated in Fig. 3A. In the spectra of 
MSNPs, the absorption bands at 963 and 801 cm-1 are 
associated with symmetrical and asymmetrical stretching 
bonds of siloxane.

Moreover, the absorption band at 1095 cm-1 is related 
to the symmetrical stretching bond of Si-O. Further, 
the peak at 3413 cm-1 is attributed to the symmetrical 
stretching bond of the amine group of MSNPs. Moreover, 
the peaks at 2928 and 2859 cm-1 are attributed to alkane's 

Fig. 2. Particle morphology analysis of MSNP-PEG with TEM and SEM imaging process, respectively (A and B). The particle size evaluation of MSNP and 
MSNP-PEG, sequentially (C and D). PDI: polydispersity index.
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symmetrical and asymmetrical C-H stretching bonds.26 In 
the spectra of PEG600-2NHS, the absorption band at 1632 
cm-1 is attributed to the symmetrical C=O stretching bond 
of NHS. Further, 1080 and 1206 cm-1 peaks are assigned 
to the asymmetrical C-O-C of PEG600 and C-N-C. The 
absorption peaks at 2927 and 2873 cm-1 are related to 
C-H's symmetrical and asymmetrical stretching bonds 
in the alkane group.27 The spectra of MSNP-PEG and 
MSNP-PEG/SUN represent mostly similar absorption 
bands, which display that PEG-2NHS has successfully 
conjugated to MSNPs and the absorption band at 3004 
cm-1 is indicative of the amine group of  SUN that has been 
loaded into the NSs properly.28 

Specific surface area and pore size evaluation
The ADS/DES isotherm of MSNPs demonstrated a type IV 
isotherm implying a mesoporous structure with a partially 
strong adsorption/desorption between the surface of the 
MSNPs and N2 (Fig. 3B, 3C).29 Table 1 shows the BET and 
BJH calculations for the surface area, pore volume, and 
pore size of MSNPs. 

Agarose gel electrophoresis
To verify the conjugation of the MUC16 aptamer to 
NSs, 1% agarose gel electrophoresis was performed. As 
represented in Fig. 3D, MUC16 aptamer conjugated 
MSNP was retarded in the well compared to the MUC16 
aptamer.

XRD analysis
As presented in Fig. 3E, the XRD results showed two sharp 
and broad peaks at 2θ of 9 and 20-27, which are considered 
the fingerprints of the MSNPs. The XRD pattern confirms 
the amorphous structure of the prepared MSNPs.

Determination of SUN loading efficiency and release 
profile
The SUN loading efficiency was 70 ± 0.69 %, calculated 
as the amount of SUN molecules successfully loaded 
into the porous structure. Drug release experiments 
indicated that the higher release of SUN molecules from 
MSNPs occurred in a pH-dependent manner and it was 
found that by pH reduction from 7.4 to 5.4 there was an 
increase in the drug release. As demonstrated in Fig. 3F, 
the cumulative drug release at the pH value of 7.4, 6.4, and 
5.4 were 14.16 ± 0.94%, 42.42 ± 0.81%, and 59.69 ± 0.91%, 
respectively after 48 hours. 

Cell viability
As presented in Fig. 4, the viability of OVCAR-3 cells 
after 24 hours of exposure to MSNP-PEG/SUN-MUC16, 

MSNP-PEG/SUN, and SUN (at the concentration of 20 
μM of SUN) was 12.81%, 21.12%, and 54.49%, respectively. 
Further, after 48 hours of exposure to the same treatment 
order, viability declined to 2.42%, 9.32%, and 37.85%. The 
viability of SK-OV-3 cells after 24 hours with the same 
order of treatments was 74.18%, 75.16%, and 80.98%. 
Furthermore, after 48 hours the viability declined to 
60.77%, 60.26%, and 68.84%. These results showed that 
the cell viability in both cells was reduced in a time- and 
dose-dependent manner and MSNP-PEG/SUN-MUC16 
could induce greater toxicity in OVCAR-3 cells than 
MSNP-PEG/SUN because of the MUC16 overexpression 
on the surface of the OVCAR-3 cell line. While the 
cytotoxicity of MSNP-PEG/SUN-MUC16 was similar to 
the toxicity of MSNP-PEG/SUN in the SK-OV-3 cell line, 
there was generally higher toxicity compared with SUN 
molecules in both cell lines. It can also be noted that there 

Fig. 3. FT-IR spectra of MSNP-PEG/SUN, MSNP-PEG, PEG600-2NHS, and 
MSNP (A). The BET plot, porosity assessment, and N2 ADS/DES isotherm 
of MSNPs (B and C). The agarose gel electrophoresis of MUC16 aptamer 
conjugation to MSNP-PEG; A 50 bp DNA ladder was used in agarose gel 
electrophoresis (D). XRD spectrum of MSNP (E) and the release profile 
of SUN from MSNP-PEG/SUN based on the UV absorption in phosphate 
buffer with 3 different pH values after 48 hours (F). ADS: adsorption 
isotherm, DES: desorption isotherm.

Table 1. Surface and pore characteristics of MSNPs

Sample BET surface area(m2g-1) Pore diameter(nm) Pore volume(cm3g-1)

MSNP 148.08 2.488 0.7955
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were no noticeable cytotoxic effects of MSNP-PEG and 
MSNP-PEG-MUC16 in both cell lines.

Cellular uptake study
The uptake flow cytometry assay was carried out to 
determine the cellular internalization of functionalized 
MMSNPs. As shown in Fig. 5, cells were exposed to the 
treatments in an equal concentration of 20 µM SUN for 2 
hours. As expected, there was a greater uptake of targeted 
MSNP-PEG-MUC16 in comparison with untargeted 
MSNP-PEG in the OVCAR-3 cell line (Fig. 5A).

Furthermore, based on our results in SK-OV-3 
cells, the untargeted MSNP-PEG/SUN showed higher 
internalization than targeted MSNP-PEG/SUN-MUC16 
(Fig. 5B); this may be due to the steric hindrance by 
MUC16 aptamer that limits the association of NSs with 
the cell surface. Fig. 5C and 5D show the uptake data 
histogram in both cell lines.

Cell cycle analysis
The cycle analysis was performed to determine the 
distribution of cell population in each stage. Fig. 6 
displays the distribution in OVCAR-3 and SK-OV-3 

cells in different phases. The untreated control cells 
showed a normal distribution. In OVCAR-3 cells treated 
with MSNP-PEG/SUN-MUC16, there was a significant 
decrease (P ≤ 0.0001) in the cell population in the G0/G1 
and G2/M phases and a significant increase in Sub G1 
phase contributing to the successful growth inhibition. 
These results confirmed the efficiency of the aptamer-
armed nanoparticles and their anti-proliferative ability 
in mucin-16 positive cells.30 In SK-OV-3 cell line which 
is known to be mucin-16 negative, the cells exposed to 
MSNP-PEG/SUN for 24 hours also resulted in a significant 
decrease (P ≤ 0.0001) in the cell population at G0/G1 
and G2/M phases contributing to the successful growth 
inhibition and a rise in Sub G1 phase population.31,32 Fig. 
6I and 6J represent the histogram of cell cycle analysis in 
OVCAR-3 and SK-OV-3 cells, respectively.

DAPI staining
The morphological changes of the nucleus in both cell 
lines were studied using DAPI staining. As pictured in 
Fig. 7 the apoptotic cells had fragmented and condensed 
chromatin which was observed more in MSNP-PEG/
SUN-MUC16 treated OVCAR-3 cells than the MSNP-

Fig. 4. The cell viability analysis of  OVCAR-3 cells (A and B)  and SK-OV-3  (C and D) cells after 24 and 48 hours respectively upon treatment with SUN, 
MSNP-PEG/SUN-MUC16, MSNP-PEG/SUN, and SUN. The viability of OVCAR-3 (E) and SK-OV-3 (F) cells after treatment with MSNP-PEG-MUC16 for 
24 and 48 hours. Data are shown as mean ± SD. The asterisks represent following level of significance; not significant (ns) P≥0.05, *P≤0.05, **P≤0.01, 
***P≤0.001, ****P≤0.0001.
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PEG/SUN treated ones. However, in the SK-OV-3 cells, 
more disintegrated parts were detected upon treatment 
with MSNP-PEG/SUN.

 Discussion
As emerging DDSs, MSNPs has become one of the most 
widely investigated nanostructures, they have shown 
promising performances in preclinical studies.15 They 
are shown to cut down the undesired adverse effects of 
antineoplastic agents.13 SUN malate is a RTK inhibitor 
that has shown promising results in recurrent ovarian 
cancer, while undesired side effects have restrained its 
effectiveness.33 Thus, the development of a targeted system 
for the delivery of SUN is an absolute requirement; this 
study aimed to design SUN-loaded MSNPs armed with 
MUC16 aptamer as a targeting ligand.

According to the schematic representation of Fig. 1, 
the preparation procedure initiated with the fabrication 
of MSNPs by the sol-gel method and continued by 
conjugating PEG600-2NHS, SUN loading, and arming 
modified MUC16 aptamers. The PEGylation process can 
reduce nanoparticle removal by the reticuloendothelial 
system (RES) in macrophages and increase blood 
circulation and spread in tumor cells.33-35 Various studies 
have shown that MSNPs accumulate in the lung, spleen, 
and liver, but conversely, when PEGylated, they spend 
more time in blood circulation.36

PEGylation neutralized the positive charge of amine-
functionalized MSNPs and converted them into 
negatively-charged particles that were less harmful to 
cells. 37 Based on the TEM and SEM imaging (Fig. 2A and 
2B), our nanoparticles had a uniform, spherical shape 
with a smooth surface, similar to the MSNPs synthesized 
by Lin et al.38 According to Fig. 2C and 2D, the average size 

of MSNPs and MSNP-PEG was about 56.1 and 103 nm, 
sequentially which are in the optimal size range for passive 
targeting of the TME by the EPR effect (approximately 
up to 300 nm in diameter).39 The size of our synthesized 
MSNPs is comparable to previously reported results of the 
PEGylated drug-loaded MSNPs by Lin et al. and Kuang 
et al.38,40 

The characterization of the nanoparticles is a key step to 
ensure that all functionalization/modification steps have 
been achieved. The accuracy of the developed method has 
been previously confirmed comprehensively by various 
assays such as HNMR spectroscopy,41 which showed 
characteristic peaks corresponding to the designated 
structural groups. In this study we performed FTIR 
analysis to further confirm the synthesis and surface 
modification of NSs with essential characteristic bands 
related to MSNP, PEG600-2NHS, MSNP-PEG, and MSNP-
PEG/SUN (Fig. 3A).27,42 To evaluate the porosity of the 
prepared MSNPs, N2 ADS/DES was carried out. The 
N2 ADS/DES isotherms plot and the ADS/DES trend 
showed a type-IV isotherm pattern according to IUPAC 
nomenclature. Upon using the BET analysis, the surface 
area of 148.08 m2g-1 was calculated in the intermediate 
pressure range of P/P0 = 0.01-0.45 illustrated in Fig. 3B and 
3C. As presented in Table 1, the BJH calculations revealed 
the mesoporous structure of MSNPs by calculating an 
average pore diameter of 2.488 nm in the range of 2-50 
nm.29, 43 The MSNPs synthesized by Nandiyanto et al also 
exhibited similar N2 ADS/DES isotherms to our targeted 
nanoparticles.29 Further, the BJH calculations by Huang et 
al, who employed a similar method for MSNP synthesis, 
revealed a similar pore diameter.43 The conjugation of 
the MUC16 aptamer to the surface of MSNP-PEG was 
confirmed by gel electrophoresis analysis (Fig. 3D). In 

Fig. 5. The flow cytometry analysis of the uptake of MSNP-PEG/SUN-MUC16, MSNP-PEG/SUN, MSNP-PEG-MUC16, MSNP-PEG by OVCAR-3 (A), and 
SK-OV-3 (B) cells. Panels (C) and (D) respectively represent the quantification of internalized NSs by OVCAR-3 and SK-OV-3 cells. Data are shown as mean 
± SD. The asterisks represent following level of significance; not significant (ns.) P≥0.05, *P≤0.05, **P≤0.01, ***P≤0.001, ****P≤0.0001.
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research by Li et al, for confirmation the conjugation of 
mesoporous strontium hydroxyapatite nano vehicle with 
AS1411 aptamer, agarose gel electrophoresis was carried 
out with a similar result.44

The XRD spectrum showed a sharp peak at 2θ = 9 
and a broad peak at 20-27, that revealed a hexagonal 
amorphous structure (Fig. 3E).45 In a research by Mu et 
al, the small nanocrystalline SiO2/Al2O3 showed a peak at 
about 9 related to the silica.46 The MSNPs synthesized by 
Vacca et al revealed a similar but sharp peak at 27 derived 
from TEOS.47 Moreover, a research by Xue et al showed 
continuous broad spectrums at 22-37 for amorphous 
silica particles. 48

SUN release from MSNPs in phosphate buffer at the 
physiological pH (i.e. 7.4) reached the maximum level 
of 14.16 ± 0.94% after 48 hours. However, in acidic 
environments (i.e. 6.4 and 5.4) at 37ºC (Fig. 3F), the 
drug release increased significantly (i.e. 42.42 ± 0.81%, 
and 59.69 ± 0.91%, respectively), which implies that the 
prepared formulations show somewhat pH-responsive 
drug release. According to the pKa and structure of SUN 
(pKa = 9.8), the corresponding increase in drug release can 
be explicated by enhancing solubility of SUN due to the 

protonated amine groups of SUN at the lower pH values.49 
The data showed a slight release of MSNP-PEG/SUN 
at the physiological environment while reaching TME, 
reducing the undesired side effects upon intravenous 
injection before reaching the desired target site.50 Li et al 
reported a pH-dependent release of the co-condensation 
method synthesized MSNPs.51

According to the MTT results presented in Fig. 4, 
the cell viability of MSNP-PEG/SUN-MUC16 treated 
OVCAR-3 cells was remarkably lower than the un-
targeted MSNP-PEG/SUN (P<0.001), confirming the 
efficiency of the MUC16 aptamer as a targeting agent. 
Expectedly, the toxicity of MSNP-PEG/SUN in SK-OV-3 
cells was higher than MSNP-PEG/SUN-MUC16. It should 
be noted that neither MSNP-PEG-MUC16 nor MSNP-
PEG caused noticeable toxicity on the cell lines which 
demonstrated our carrier is cytocompatible in the range 
of the concentration tested. Xie et al. also reported higher 
toxicity of EpCAM aptamer functionalized MSNPs in  
EpCAM expressing colon cancer cells as compared with 
EpCAM non-expressing cells.52 According to Xiong et al 
biotin-F87-polylactic acid and biotin-P85-polylactic acid 
armed with CA125 depicted more efficiency in a positive 

Fig. 5. The flow cytometry analysis of the uptake of MSNP-PEG/SUN-MUC16, MSNP-PEG/SUN, MSNP-PEG-MUC16, MSNP-PEG by OVCAR-3 (A), and 
SK-OV-3 (B) cells. Panels (C) and (D) respectively represent the quantification of internalized NSs by OVCAR-3 and SK-OV-3 cells. Data are shown as mean 
± SD. The asterisks represent following level of significance; not significant (ns.) P≥0.05, *P≤0.05, **P≤0.01, ***P≤0.001, ****P≤0.0001.
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cell line (OVCAR-3) compared to negative cells (SK-
OV-3).53 

As previously stated, it has been determined that mucin 
16 is overexpressed on the surface of the OVCAR-3 cells 
and there is no detectable expression of it on SK-OV-3 
cells.23 According to Fig. 5, there was an escalated uptake 
of the MSNP-PEG armed with MUC16 aptamer compared 
with MSNP-PEG/SUN in the uptake study of OVCAR-3 
cells. In SK-OV-3 cells, there was a decrease in the uptake 
level of aptamer conjugated nanoparticles. It can be 
presumed that the interaction of the MUC16 aptamer 
with its specific cell membrane receptor causes the 
accumulation inside the targeted cells. However, because 
of interaction of negatively charged MUC16 aptamer with 
the cell surface as well as the spatial hindrance which 
further limits the access to the surface of cells uptake in 
negative cell lines.54,55 Hence, due to a low spatial hindrance 
of untargeted MSNP-PEG, the topmost internalization is 
achieved upon treatment (70% in OVCAR-3 cells and 99% 
in SK-OV-3 cells).

The uptake of MSNP-PEG/SUN-MUC16 and MSNP-
PEG/SUN in OVCAR-3 cells (40.92% and 16.54%, 
respectively) showed that conjugation with MUC16 
aptamer has led to the selective uptake of the MSNPs in 
MUC16 expressing cell lines. The mucin 1 capped MSNPs 
synthesized by Pascual et al exhibited fairly similar 

uptake results as our targeted nanoparticles with MUC16 
aptamer.56

Cell cycle analysis was performed upon treatment to 
determine the cell distribution in various cell cycle stages. 
As indicated in Fig. 6, MSNP-PEG/SUN-MUC16 induced 
the cell cycle arrest in the sub-G1 phase, ultimately leading 
to the population increase in sub-G1 and reducing the 
population of cells in the G2/M phase means the growth 
inhibition and apoptosis induction in MUC16 expressing 
cells. The results confirmed the anti-proliferative activity 
of aptamer-armed NSs in the positive cell line, consistent 
with Reinartz et al.’s results.57 Additionally, the results of 
cell cycle analysis on MUC16 negative cells showed a high 
sub-G1 population in MSNP-PEG/SUN exposed cells. 

Likewise, the DAPI staining assay illustrated the 
morphological changes in the nucleus and DNA-
strand damage. According to Fig. 7, the MSNP-PEG/
SUN-MUC16 treated OVCAR-3 cells showed the most 
detectable chromatin condensation. Further, it was more 
noticeable in MSNP-PEG/SUN treated SK-OV-3 cells. 
According to Wen et al, the bladder transitional carcinoma 
cells treated with SUN showed similar DNA damage to 
our targeted nanoparticles with MUC16 aptamer.58

Conclusion
Collectively in the current investigation, SUN-loaded 

Fig. 7. The morphological analysis and DAPI staining in OVCAR-3 cells treated with normal media as control (A), MSNP-PEG/SUN-MUC16 (B) MSNP-PEG/
SUN (C) and SUN (D); also in SK-OV-3 cells treated with normal media as control (E), MSNP-PEG/SUN-MUC16 (F) MSNP-PEG/SUN (G) and SUN (H).
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MSNP-PEG was decorated with MUC16 aptamer as a 
targeting ligand toward CA125 expressing ovarian cancer 
cells. Morphologically, MSNP-PEG was spherical and 
uniform with an average size of 103 nm. MSNP-PEG/
SUN displayed a remarkably higher release in pH 5.4 
(mimicking the TME), which may be considered a targeted 
drug release system if administered in-vivo. Further, 
conjugation of MUC16 led to higher internalization and 
toxicity in MUC16 positive OVCAR-3 cells compared 
to the MUC16 negative SK-OV-3 cells. These results 
indicated that targeted delivery of SUN via engineered 
MSNPs functionalized with MUC16 aptamer was 
effective at the cellular level. Whilst this study could only 
be considered as a proof-of-concept for the fabrication of 
a potentially effective DDS, it is crucial to perform in vivo 
studies in ovarian cancer models, with MUC16 positive 
and negative characteristics, to confirm the efficacy and 
safety of the engineered NSs. In addition, loading another 
therapeutic agent that might have a synergic effect with 
SUN, could enhance the efficiency of the treatment. In 
conclusion, MSNP-PEG/SUN-MUC16 is envisioned 
to be a suitable multifunctional nanomedicine for the 
therapeutic application against MUC16 overexpressing 
cancers.
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What is the current knowledge?
√ MSNPs are a suitable candidate for drug delivery and 
targeting.
√ SUN has demonstrated a promising therapeutic strategy to 
combat ovarian cancer.
√ CA125 is a valuable biomarker for the diagnosis of ovarian 
cancer. 
√ Mucin 16 aptamer can target CA125 efficiently on the 
cancer cells. 
What is new here?
√ To the best of our knowledge, it is the first investigation 
on the application of mesoporous silica NPs armed with 
Mucin-16 aptamer for the targeted delivery of SUN. 
√ The successful characterization was confirmed using 
Fourier transform infrared, transmission electron microscopy, 
scanning electron microscope, dynamic light scattering, X-ray 
diffraction analysis, Barrett-Joyner-Halenda, and Brunauer-
Emmett-Teller analysis, and various biological studies.
√ The in vitro biological evaluations demonstrated that the 
fabricated NS is a potentially suitable delivery system. 
√ The presented data provide a proof of concept for the 
efficiency of our strategy, that is, the surface modification of 
MSNP through PEGylation and conjugation with MUC16 
aptamer to combat CA125 expressing ovarian cancer cells.
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