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Background and purpose: Glioma is one of the most aggressive primary brain tumors and is

incurable. Surgical resection, radiation, and chemotherapies have been the standard treatments

for brain tumors, however, they damage healthy tissue. Therefore, there is a need for safe

anticancer drug delivery systems. This is particularly true for natural prodrugs such as thymo-

quinone (TQ), which has a high therapeutic potential for cancers but has poor water solubility

and insufficient targeting capacity. We have tailored novel core-shell nanoformulations for TQ

delivery against glioma cells using mesoporous silica nanoparticles (MSNs) as a carrier.

Methods: The core-shell nanoformulations were prepared with a core of MSNs loaded with TQ

(MSNTQ), and the shell consisted of whey protein and gum Arabic (MSNTQ-WA), or chitosan

and stearic acid (MSNTQ-CS). Nanoformulations were characterized, studied for release kinetics

and evaluated for anticancer activity on brain cancer cells (SW1088 and A172) and cortical

neuronal cells-2 (HCN2) as normal cells. Furthermore, they were evaluated for caspase-3, cyto-

chrome c, cell cycle arrest, and apoptosis to understand the possible anticancer mechanism.

Results: TQ release was pH-dependent and different for core and core-shell nanoformula-

tions. A high TQ release from MSNTQ was detected at neutral pH 7.4, while a high TQ

release from MSNTQ-WA and MSNTQ-CS was obtained at acidic pH 5.5 and 6.8, respec-

tively; thus, TQ release in acidic tumor environment was enhanced. The release kinetics

fitted with the Korsmeyer–Peppas kinetic model corresponding to diffusion-controlled

release. Comparative in vitro tests with cancer and normal cells indicated a high anticancer

efficiency for MSNTQ-WA compared to free TQ, and low cytotoxicity in the case of normal

cells. The core-shell nanoformulations significantly improved caspase-3 activation, cyto-

chrome c triggers, cell cycle arrest at G2/M, and apoptosis induction compared to TQ.

Conclusion: Use of MSNs loaded with TQ permit improved cancer targeting and opens the

door to translating TQ into clinical application. Particularly good results were obtained for

MSNTQ-WA.

Keywords: brain cancer targeting, drug delivery system, thymoquinone core-shell

nanoformulation, mesoporous silica nanoparticles, pH-dependent release kinetics

Introduction
Glioma is one of the most aggressive primary brain tumors and is incurable.1,2 It

accounts for 28% of the brain tumors, 80% of them malignant.1 Median survival is

less than 2 years because of malignant cell proliferation, invasion, and migration of

postoperative tumor residue, as well as a high rate of recurrence.3,4
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During the last decade, surgical resection, radiation,

and chemotherapies have been the standard treatments

for brain tumors. However, the therapeutic approach of

combining radiotherapy and chemotherapy remains unsa-

tisfactory, with low survival rates of 12–24 months.5 Drug

resistance and failure to cross the blood–brain barrier

(BBB) render chemotherapy ineffective.6 Consequently,

increasing the chemotherapeutic drug intake has been con-

sidered as an alternative solution; however, they have

negative side effects on healthy tissue.7,8

Phytochemicals as a source of prodrugs have been

extensively investigated for their role as novel anticancer

compounds. Thymoquinone (TQ), the main active com-

pound of the essential oil of Nigella sativa L. (medicinal

plant known as black seed or black cumin), was first

isolated in 1963.9 Its biological activity has been evaluated

in vitro and in animal models for anticancer, antioxidant,

anti-inflammatory, antimicrobial, antidiabetic, and other

properties. TQ’s chemical composition is 2-methyl-5-iso-

propyl-1,4-benzoquinone. It is a monoterpene diketone,

multitargeted molecule exhibiting a versatile potential for

modulating numerous major molecular signaling pathways

in several diseases.10

TQ has anticancer potential in several cancer types,

including colorectal,11 lung,12 leukemia,13 breast,14 and

others.15 However, few studies have investigated its role

in brain cancer.16–20 In glioblastoma cancer cells, several

molecular mechanisms were observed during tests on

in vitro and in vivo models treated with TQ,21 indicating

its superior anticancer efficacy. Additionally, it inhibits

toxin-induced neuroinflammation and neurotoxicity in ani-

mal models.22 Interestingly, the antiproliferative effect

may relate in part to the sensitivity of glioblastoma cancer

cells to TQ as compared to normal cells, as Gurung et al,

reported in a cytotoxicity evaluation.16

Although TQ has promise, its potential in clinical

application as yet to be fulfilled because of limitations

related to its pure form, including low solubility in water

and bioavailability, nonspecific delivery to tumor sites, and

lack of selectivity for cancer cells over normal cells.

Therefore, new formulation strategies are urgently

required to overcome such roadblocks.

Drug delivery systems (DDSs) are a major research

field of nanomedicine.6,23,24 DDSs can be used to target

cancer and enhance the therapeutic efficiency with

decreasing the expected toxicity for normal cells distribu-

ted around the tumor site. Thus, several cancer’s targeting

strategies have been developed. Tumor-targeting can be

achieved by a specific active targeting via receptor-

mediated pathways (with different ligands molecules

such as antibodies, small molecules as folic acid, and

others), or by stimuli drug’s release from its nanocarriers

to tumor specific. Among other stimuli release systems for

cancer’s targeting, the pH-controlled drug release, which is

considered a general developed approach because the fact

that tumor site is low acidic microenvironment compared

to healthy cells.25,26 Therefore, DDS that induces pH-

trigger drug release, could be importantly required for

cancer treatment. Various strategies for developing DDS

for TQ have been reported, such as chemical derivatives

(thymoquinone-4-a-linolenoylhydrazone and thymoqui-

none-4-palmitoylhydrazone),27 liposomes,28 solid lipid

nanoparticles,29 and chitosan nanogels.30 Among the

numerous nanostructured materials that can be used for

designing DDSs, mesoporous silica nanoparticles

(MSNs),31 attract interest because of their chemical and

mechanical stability, large surface area, high volume frac-

tion of nanosized pores, and good biocompatibility.

Furthermore, a wide range of surface functionalization of

MSNs may ensure controlled drug release together with

the delivery of drug molecules to specific sites.32–34 MSNs

are considered promising for developing efficient antic-

ancer DDSs34 and enhanced the BBB permeability for

brain cancer targeting. In this regard, Baghirov et al,35

demonstrated that intravenous injection of MSNs had no

damage to the BBB and can be potentially used to deliver

drugs into the brain tissue through transcellular transport.

Also, in recent in vivo study Tamba et al,36 showed that

MSNs modified with glucose and glucose-poly (ethylene

glycol) methyl ether amine cross the BBB to reach the

brain tissues via specific or nonspecific mechanisms. An

example for using of MSNs as a DDSs to target glioma

cells was reported by Shi et al.37 The MSNs were loaded

with doxorubicin anticancer drug and coated with peptide.

In another example, Zhang et al,38 fabricated a dual-

targeted system composed of MSNs with valproic acid as

radiosensitizer and folic acid as targeting molecule. A high

rate of cell death mediated through apoptosis was

observed. Several other DDSs based on MSNs have been

designed as drug nanocarriers able to cross the BBB and

target cancer cells.39–41

MSNs with a hydrophilic shell can be used for delivery

of hydrophobic TQ and in this way limitations of low TQ

solubility and stability can be overcomed.42 Only one study

of the application of MSNs for TQ DDS has been reported,

indicating cancer cell apoptosis with sustained release
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potential.43 This result offers motivation to optimize MSNs

as TQ carriers. To the best of our knowledge, no optimum

formulation of TQ as an anticancer agent has been reported.

In the current study, we sought to develop DDS in the

form of TQ-loaded MSN core-polymer shell structures for

pH-controlled release and brain cancer targeting. Its phy-

sicochemical properties were characterized and followed

by kinetic release studies and evaluation of the anticancer

activity and the possible molecular mechanism.

Materials and Methods
Materials
TQ, tetraethyl orthosilicate (TEOS), octadecene, and cetyltri-

methylammonium ammonium chloride solution 25 wt% in

H2O (CTAC), cyclohexane, ammonium nitrate were purchased

from Sigma-Aldrich (Sigma-Aldrich, St. Louis, USA). Ethanol

was obtained from Thermo Fisher Scientific, USA. Dimethyl

sulfoxide (DMSO) was obtained from Tedia (Tedia, Fairfield

OH, USA). 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide

hydrochloride (EDC), gum Arabic, stearic acid (MW:284.48),

and chitosan (MW:100,000–300,000 Da) were obtained from

AcrosOrganics (AcrosOrganics,Geel, Belgium).Whey protein

concentration was obtained from Alfasol, Istanbul, Turkey.

Triethanol amine (TEA) from Molekula GmbH, Munich,

Germany. Phosphate-buffered saline (PBS), DMEM

(Dulbecco’s modified Eagle’s medium), RPMI 1640 Medium,

and fetal bovine serum (FBS) were obtained from (Gibco/life

technologies, Thermo Fisher Scientific – Langenselbold,

Germany). Insulin (Novo Nordisk, Bagsvaerd, Denmark).

Penicillin G, streptomycin, and MTT assay kit (Sigma-

Aldrich, St. Louis, USA). Caspase-3 (active) Human ELISA

kit from Invitrogen (Cat. KHO1091, Camarillo, CA, USA).

Annexin V-FITC Apoptosis Detection Kit was from BioVision

(Cat. K101-25, −100, −400, BioVision, CA, USA), and the

Script One-Step RT-PCRKit with SYBR® Green was obtained

from BIO-RAD, Hercules, CA, USA. Ultrapure water

(18.2 MΩ; Milli-Q® system, Millipore, Darmstadt, Germany)

used in all prepared solutions. All other reagents used were of

analytical grade.

Methods
Synthesis of MSNs

The MSNs were prepared using a diphase stratification

method recently reported by Shen et al,44 with minor

modifications. In a typical preparation, 24 mL CTAC

(25% solution) and 0.5 mL TEA were added to 36 mL

water and stirred for 1 hr at 60°C. Then, 20 mL of 20 v/v%

of TEOS in octadecene was carefully added to the mixture

drop by drop and stirred for another 12 hrs. After cooling,

the upper layer formed (containing octadecene) and was

totally removed and then replaced with 20 mL of 5 v/v%

of TEOS in cyclohexane and stirred for another 12 hrs at

80°C to obtain the second generation. Finally, the solution

was collected by centrifugation, washed several times with

ethanol, and centrifuged again. The obtained product was

dried in an oven at 60°C to remove the used template, then

the powder material was dispersed and extracted in ethanol

containing ammonium nitrate (0.6 wt.%) for 6 hrs at 60°C.

This step was repeated two times to remove the CTAC

template. The resulting product patch of the material was

dried at 60°C and named as MSN.

TQ loading into MSNs and preparation of core-shell

designed nanoformulations

Loading of TQ into MSNs was based on a solvent evapora-

tion method with a loading ratio of TQ: MSN of 1:4. The

following procedure was used: 1 g of MSN was dissolved

in ethanol (HPLC grade) containing 250 mg TQ, then the

solution was stirred for 24 hrs at room temperature.

Subsequently, the solvent was evaporated at 50°C using

the Rotavap (Büchi, Flawil, Switzerland), resuspended in

ultrapure water (repeated several times) to remove unloaded

molecules, and dried at 60°C for 12 hrs in an oven. The

resulting product was labeled MSNTQ. This material was

intended as the core to be used in designed nanoformula-

tions with a shell of polymer mixtures to finally obtain core-

shell delivery designs.

Two shell designs were prepared: a shell layer of

chitosan–stearic acid (CS) and a shell layer of whey pro-

tein–gum Arabic (WA).

For CS, the following procedure was performed based

on a coacervate and 1-(3-dimethylaminopropyl)-3-ethyl-

carbodiimide hydrochloride (EDC) coupling reaction. It

permitted to obtain complex polymers through the reaction

of amino groups of chitosan and carboxyl groups in stearic

acid. The EDC coupling reaction was reported in previous

studies by Hu et al,45 Yuan et al,46 and Yang et al,47 for

chitosan-stearic acid conjugation. We followed this path

during the present preparations. In typical method, in

a glass bottle, 0.750 g of chitosan (used as received with-

out any further purifications) was dissolved in 25 mL

ultrapure water (1.5% acetic acid) and sonicated for 10

mins, then stirred for 1.5 hrs with vigorous stirring at 65°C

adjusted with a temperature sensor to obtain the chitosan

solution. In a separate glass bottle, 0.375 g of stearic acid

Dovepress Shahein et al

International Journal of Nanomedicine 2019:14 submit your manuscript | www.dovepress.com

DovePress
5505

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


and 0.375 g EDC (1:1) were dissolved in 25 mL of

acetone/ethanol by sonication for 10 mins, then also stirred

for 1.5 hrs under the same conditions as for the chitosan

solution to obtain the stearic acid-EDC solution.

Afterwards, the stearic acid-EDC solution was dropped

slowly into the chitosan solution over 5 mins to prevent

aggregation (an additional 10 mins under sonication is

recommended). The solution was left to stir for 24 hrs at

room temperature.

Next, the solution was filtered and washed with water

several times to remove excess EDS molecules, and the

resulting material consisting of CS was dried in an oven at

60°C. The dried CS was resuspended again in 50 mL

ultrapure water and kept at 5°C until use. To prepare the

shell layer on MSNTQ, we suspended 0.5 g of dried

MSNTQ in CS solution and stirred for 48 hrs at room

temperature, followed by collection with centrifugation

(cooling Sigma 16K, Laborzentrifugen GmbH, Osterode

am Harz, Germany), several washes with ultrapure water,

and oven drying at 60°C. The resulting material was

labeled MSNTQ-CS core-shell nanoformulation.

For WA, the following procedure was performed to

obtain WA-conjugated polymer material with a 3:1 ratio

of whey protein to gum Arabic, according to a method

previously reported by Klein et al48 in a glass bottle, 1.5

g whey protein, and 0.5 g gum Arabic were dissolved in

50 mL ultrapure water and sonicated for 10 mins, then the

mixture solution was adjusted to pH 7.5 and stirred for 5

hrs. The mixture solution was filtered and kept at 5°C until

further use. To prepare the shell layer on MSNTQ, 0.5 g of

dried MSNTQ was suspended in WA solution (25 mL) and

stirred for 24 hrs at room temperature. This step was

repeated once again to ensure a good layer, then the

material was collected with centrifugation and washed

several times with water and dried in an oven at 60°C.

The resulting material was labeled MSNTQ-WA core-shell

nanoformulation design.

Characterization techniques

The nanostructures during different stages of preparation

were observed by means of a high-resolution transmission

electron microscope (HR-TEM, JEM 2100, JEOL Ltd.,

Tokyo, Japan) and field emission scanning electron micro-

scope (FE-SEM, Ultra Plus, Zeiss, Jena, Germany). The

Brunauer, Emmett, and Teller (BET) surface area analysis

was used to characterize the mesoporosity characteristics

using NOVA automated gas sorption system (NOVA,

Quanta Chrome Instruments, Florida, USA). All materials

were degassed for 24 hrs at 50°C before analysis. Fourier

transformed infrared (FTIR) spectroscopy was used to dis-

tinguish the change in the surface functional group before

and after loading (Bruker Optics Tensor 27, Bruker

Corporation, Billerica, MA, USA). The thermal gravimetric

analysis (TGA)-coupled to differential scanning calorimetry

(DSC) (Shimadzu TGA-DSC 50, Shimadzu, Kyoto, Japan)

analysis was performed for two reasons: (1) to determine

the drug loading content with TGA, and (2) to confirm the

crystalline state by with DSC analysis. The experimental

condition for thermal analysis was programmed to reach

800°C with a heating rate of 10°C/min under nitrogen.

In vitro drug release studies

We followed the Franz Diffusion Cell method49 and mod-

ified the setup described by Salama et al,50 under perfect

sink conditions in triplicate under different pH conditions

(pH 7.4, 6.8, and 5.5). The dissolution medium reservoir

of suitable PBS and cellulose membrane (molecular

weight cutoff 12,000 g/mole) was incubated at 37°C and

placed into a holder with a calculated amount for each

nanoformulation, facing up. This face was brought into

contact with dissolution medium, and the stirring speed

was adjusted to 150 rpm (Shaking incubator, GFL 3032,

Germany). Sampling was automated according to

a defined time schedule. A 2-mL aliquot was withdrawn

periodically (up to 12 hrs in the first day, then single

sampling every day for 72 hrs) and refilled with fresh pre-

warmed PBS buffer to maintain constant dissolution med-

ium volume of 50 mL. The amount of TQ released was

quantified spectrophotometrically, at corresponding λmax of

TQ with regard to each pH at 7.4, 6.8, and 5.5.

The TQ release data were kinetically analyzed using

Kinet DS3 software (Department of Pharmaceutical

Technology and Biopharmaceutics, Faculty of Pharmacy,

Jagiellonian University), according to various model-

dependent orders. Linear regression equations were

employed, and coefficient of determination (R2) was deter-

mined. Data were processed for regression analysis using

MS excel statistical function (Office365, 2013, USA), and

release efficiency (RE), mean dissolution time (MDT), and

release rate (RR) were also computed.51

Cell cultures

We investigated two brain cancer cell lines: human glioma

cells (A172) and human astrocytoma (SW1088). Human

cortical neuronal cells-2 (HCN2) were used as the normal

cell reference. Cells were obtained from the American Type
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Culture Collection (ATCC, Manassas, Virginia, USA), and

all cell-based evaluations were done at the Confirmatory

Diagnostic Unit, VACSERA, Dokki, Giza, Egypt. Cells

were cultured in DMEM supplemented with 10% FBS,

penicillin G (100 U/mL), and streptomycin (100 μg/mL),

maintained at 37°C in a humidified 5% CO2 atmosphere.

In vitro cytotoxicity assessment

To assess cytotoxicity and anticancer activity of the

synthesized nanoformulations and TQ, the MTT assay

was used as described previously by Mosmann.52 Cells

were seeded in 96-well tissue culture plates at a density of

1.2–1.8×10,000 cells/per well and kept for 24 hrs at 37°C

in a humidified 5% CO2 atmosphere, until cell monolayers

were confluent. Subsequently, medium was removed,

washed, and fresh DMEM added containing 100 µL of

tested compounds with different concentrations. For

MSNs, concentrations of 12.3, 37, 111, 333, and 1,000

µg/mL were used for biocompatibility evaluation. For TQ,

MSNTQ, MSNTQ-CS, and MSNTQ-WA, concentrations

of 1.2, 3.7, 11, 33, and 100 µg/mL were used (in the case

of nanoformulations, their concentration was designed to

obtain an equivalent amount of TQ). As a control, 100 µL

of medium was used. To calculate the equivalent amount

of TQ in each nanoformulations we proposed simple an

equation based on the weight loss data (Table 1 and

Supplementary materials). After treatment, the samples

were incubated for 48 and for 72 hrs under the same

conditions. Thereafter, the medium was removed, fresh

DMEM containing 50 µL of MTT (1 mg/mL) solution

was added, and cells were further incubated for 4 hrs at

37°C. Then, the medium containing MTT solution was

discarded, and 100 µL of DMSO was added into each

well (to dissolve MTT formazan crystals). Afterwards,

the plates were gently shaken for 5 mins to ensure that

the crystals were completely dissolved. Finally, the absor-

bance was measured at 540 nm using a Robonik P2000

ELISA reader (Robonik India PVT LTD, Thane, India).

This assay was done in triplicate, and the data are

expressed as mean ± standard deviation (SD). The inhibi-

tion concentration of 50% cells (IC50) was calculated

using Origin Pro. 8.5 software (OriginLab, USA).

Apoptosis detection and cell cycle analysis with flow

cytometry

To detect apoptosis, we used the Annexin V-FITC Apoptosis

Detection Kit according to the manufacturer’s instruction.

Briefly, SW1088 cells were seeded (5×105 cells/well) onto

six-well plates and left to adhere overnight, and the cells were

treated with different samples (TQ, MSN, MSNTQ-CS, and

MSNTQ-WA) at their IC50 (µg/mL, as listed in Table 2) in

100 μL sample volume per well and incubated for 48 hrs. In

the case of the nanoformulations, an equivalent amount of

TQ-producing IC50 concentrations was used. The IC50 con-

centration is universally used, and every drug or anticancer

agent may have a different IC50 value depending on the type

of cancer cell line. For control, cells without any treatment

were used. The cells were collected by centrifugation, and

the pellet was resuspended in 500 μL of binding buffer

solution. Afterward, 5 μL of Annexin V-FITC and 5 μL of

propidium iodide were added and incubated for 5 mins in the

dark and immediately analyzed with flow cytometry

(FACSCalibur, Becton Dickinson, NJ, USA). To analyze

the cell cycle, after SW1088 cells were treated with the

different samples mentioned above, compared to control,

and incubated for 48 hrs, they were washed, collected by

centrifugation, fixed in cold 70% ethanol, and labeled with

propidium iodide staining. Then, the samples were analyzed

by flow cytometry. During analysis, cell cycle analysis was

performed with an FL2-A histogram of single cells.

Table 1 Physicochemical properties of mesoporous silica nanoparticles before and after loading of thymoquinone

Sample code SBET (m2/g) Total pore volumea

(cm3/g)
Mean pore size
diameterb

(nm)

Weight loss (wt. %)c

MSN 127.2 0.211 4.4 17.2

MSNTQ 31.1 0.055 4.0 7.6 (as TQ)

MSNTQ-CS 15.7 0.029 3.9 35.2 (as CS)

MSNTQ-WA 25.4 0.035 3.9 16.4 (as WA)

Notes: aPore volume from nitrogen adsorption–desorption measurements; bmean size distribution based on the Brunauer–Emerett–Teller method; camount of TQ, CS, and

WA was calculated on the basis of weight loss between samples from the thermogravimetric analysis. Calculations amount of TQ, CS, and WA from TGA profiles by means

of weight loss: TQ wt.%=MSNTQ – MSN*100; CS wt.% =MSNTQ-CS – MSNTQ; and WA wt.% =MSNTQ-WA – MSNTQ*100.

Abbreviations: SBET, specific surface area measured by Brunauer-Emmett-Teller; MSN, mesoporous silica nanoparticles; MSNTQ, MSNs loaded with TQ as core (TQ wt.%

=7.6); MSNTQ-CS, MSNTQ coated with the shell consists of chitosan and stearic acid (CS wt.%=35.2); MSNTQ-WA, MSNTQ coated with the shell consists of whey

protein and gum Arabic (WA wt.%=16.4); TQ, thymoquinone; CS, mixture of chitosan and stearic acid; WA, mixture of whey protein and gum Arabic polymers.
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Caspase-3 activity assay

To assess caspase-3 activity, we followed the manufac-

turer’s instructions for the human active caspase-3 content

assay kit. In brief outlined, SW1088, A172, and HCN2 cells

were cultured onto 96-well plates to obtain a density of

1.2–1.8×10,000 cells/well in a 100 µL volume of complete

growth medium (RPMI 1640 containing 10% FBS at 37°C).

The cells were treated with different samples (TQ, MSN,

MSNTQ-CS, and MSNTQ-WA) at their IC50 (µg/mL, as

listed in Table 2) in 100 μL sample volume per well and

incubated for 48 and 72 hrs prior to the assay. Cells were

lysed with the cell extraction buffer; the lysates were then

diluted by the standard dilution buffer of the range for the

assay and assessed for human active caspase-3 content. The

absorbance was measured at 450 nm using the Robonik

P2000 ELISA reader. The assay was performed in triplicate,

and the data are expressed as mean ± SD.

Cytochrome c quantitative analysis by RT-PCR

The cytochrome c quantitative determination by RT-PCR was

done using the BIORAD iScriptTM One-Step RT-PCR Kit

with SYBR® Green (Bio-Rad, Hercules, CA) according to

the manufacturer’s instructions. In brief, total mRNA was

isolated for all cell lines under investigation using the

RNeasy extraction kit (Qiagen, Germany), and the cells

(1×106). Then, cells were disrupted in buffer RLT and homo-

genized and disrupted, followed by addition of ethanol to the

lysates to create conditions that promoted selective binding of

RNA to the RNeasy membrane. The different samples (TQ,

MSN, MSNTQ-CS, and MSNTQ-WA) at their IC50 (µg/mL,

as listed in Table 2) in 100 μL sample volume were applied to

a RNeasy Mini spin column. With total RNA bound to the

membrane and contaminants efficiently filtered, high-quality

RNA could be eluted in RNase-free water. Washing and elu-

tion followed by centrifugation in a microcentrifuge. For the

RT-PCR, the primers and PCR conditions used were the

iScript one-step RT-PCR kit with SYBR Green on a Rotor-

Gene 3000 apparatus. The mRNA extract prepared above was

used in the reactions, and DNA amplification was performed

according to the manufacturer’s protocols and Yergeau et al.53

The iScript one-step RT-PCR kit with SYBR Green kit con-

tents, reagent description, master mix preparation, and ampli-

fication protocol were provided for more details in

Supplementary materials (RT-PCR protocol). Samples were

assessed in triplicates.

Statistical analysis
Data for biological evaluations are expressed as mean ± SD.

Significance differences throughout this study were calcu-

lated using analysis of variance and mean comparisons by

least significant difference (LSD) at p<0.05. All statistical

analysis was done using the software IRRE STST (2005;

a computer program for data management and statistical

analysis of experimental data, version S, biometrics and

bioinformatics unit, ERRI Institute). Only, cytochrome

c data analyzed with Statistix 9.0 software by LSD at p<0.05.

Results and discussion
Synthesis and fabrication of TQ delivery

systems
To design a suitable delivery system for TQ, we synthesized

3D dendritic MSNs-mesoporous silica nanospheres according

to a previously reported method44 with minor modification.

This type of MSN was selected because of good biocompat-

ibility and advantageous 3D-dendritic structure permitting

high drug loading and controlled release.44 Figure 1A shows

the steps to obtaining the designed nanoformulations for the

TQ delivery system.

Table 2 The calculated IC50 expressed as µg/mL for all samples

Sample code IC50 µg/mL

48 hrs 72 hrs

SW 1088 A172 HCN2 SW 1088 A172 HCN2

MSN 374±0.03 1,763±0.02 5,124±0.02 418±0.03 1,644±0.05 2,310±0.03

MSNTQ 4.4±0.02 3.9±0.01 2.2±0.00 2.2±0.02 1.5±0.01 0.9±0.04

MSNTQ-CS 3.6±0.01 10.8±0.00 18.6±0.01 2.7±0.02 3.6±0.01 25.7±0.03

MSNTQ-WA 4.3±0.02 6.2±0.01 65.7±0.01 1.6±0.02 4.3±0.01 34.9±0.01

TQ 3.2±0.02 2.3±0.02 32.6±0.03 1.3±0.02 0.9±0.04 6.3±0.02

Abbreviations: MSN, mesoporous silica nanoparticles; MSNTQ, MSNs loaded with TQ as core; MSNTQ-CS, MSNTQ coated with the shell consists of chitosan and stearic

acid; MSNTQ-WA, MSNTQ coated with the shell consists of whey protein and gum Arabic; TQ, thymoquinone.
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Characterization of MSNs and

nanoformulations
HR-TEM images (Figure 2A and B) showed that MSNs have

an almost sphere-like shape and a size ranging from 50 to 140

nm. Their dendritic mesoporous structure was clearly visua-

lized. For MSNTQ, the pores of MSNs were filled with TQ

molecules, as indicated by the blue arrow (Figure 2D) com-

pared toMSNs before loading (Figure 2C). After being coated

with polymer shells made of CS and WA, the MSNs were

totally covered (Figure 2E and F) compared to MSNTQ. The

coating may be formed by self-assembly, as seen in different

layers by different darker and lighter areas on each nanoparti-

cle (blue arrows). FE-SEM images (Figure 3A) show similar

results, as seen in the HR-TEM images as far as particle size.

The images show the polymer shell visible on MSNTQ-WA

and MSNTQ-CS (Figure 3C and D) comparing to MSNTQ

(Figure 3B) core. TEM images gave a direct demonstration of

drug loading, and both TEM and SEM images gave a direct

demonstration of polymer coating, indicating the successful

formation of core-shell structures.

Figure 4 shows the results of specific surface character-

ization of the mesoporous structures before and after coat-

ing by means of a nitrogen adsorption–desorption

technique. As presented in Figure 4A, a type-IV isotherm

pattern and a small hysteresis loop were observed. It can be

also seen that the MSNs displayed a wide range of pore size

distribution with mean pore size 6.6 nm, calculated based

on Brunauer–Joyner–Halenda (BJH) method (Figure 4B in

MSN line). Additionally, both the surface area (BET) and

total pore volume (BJH) were calculated and found to be

127 m2g−1 and 0.211 cm3g−1, respectively (Table 1). After

loading with TQ and polymer coating (Figure 4A), the BET

surface area decreased compared to MSN (127 m2/g) in the

following order: MSNTQ (31.1 m2/g), MSNTQ-WA

A Loading
of TQ

MSN MSNTQ

Reaction of
CS-with SA

Reaction of
WP with AG

Coating with

B

biopolymers
mixture of

CS-SA
WP-AG

MSNTQ-CS

MSNTQ-WA

Cytochrome c release

APOPTOSIS

Caspase-3 activation
G2/M arrest
Apoptosis induction

Programmed cell death via apoptosis with core-shell nanofomulation

Figure 1 Schematic representation of preparation steps and proposed anticancer mechanism.

Notes: Synthesis of MSNs and nanoformulations for delivery of TQ (A) and proposed anticancer mechanism (B) for brain cell cancer treated with nanoformulations.

Abbreviations: MSN, mesoporous silica nanoparticles; MSNTQ, MSNs loaded with TQ as core; MSNTQ-CS, MSNTQ coated with the shell consists of chitosan and stearic

acid; MSNTQ-WA, MSNTQ coated with the shell consists of whey protein and gum Arabic; TQ, thymoquinone; CS-SA, mixture solution of chitosan and stearic acid

polymers; WP-AG, mixture solution of whey protein and gum Arabic.
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(25.4 m2/g), and MSNTQ-CS (15.7 m2/g). As seen in

Figure 4B, pore size decreased following TQ loading and

polymer coating compared to MSNTQ. In addition, the total

pore volume decreased from 0.211 cm3/g in MSN to 0.055,

0.029, and 0.035 cm3/g in MSNTQ, MSNTQ-CS, and

MSNTQ-WA, respectively. All these results confirmed suc-

cessful loading of the pores of MSN particles with TQ and

formation of core-shell structures. Our results concerning

surface area, pore size, and pore volume properties are in

line with previous reports involving MSNs.54–56

Figure 2 HR-TEM images of synthesized MSNs before and after drug loading and coating with polymer shells.

Notes: MSNs at 100 nm scale (A) and at 200 nm scale (B). The morphological structure differences at all stages of preparations are seen MSNs (C), MSNTQ (D), MSNTQ-

CS (E), and MSNTQ-WA (F).

Abbreviations: HR-TEM, high-resolution transmission electron microscopy; MSN, mesoporous silica nanoparticles; MSNTQ, MSNs loaded with TQ as core; MSNTQ-CS,

MSNTQ coated with the shell consists of chitosan and stearic acid; MSNTQ-WA, MSNTQ coated with the shell consists of whey protein and gum Arabic.
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We used TGA analysis to determine TQ content in

MSNs and the polymer coating mass fraction on the

basis of weight loss percent when the organic molecules

were thermally decomposed (wt. %) (Figure 5A and B and

Table 1). MSN lost about 17% of its initial weight, which

could be ascribed to some water content and organic

material used during synthesis. By loading of TQ to

MSN to obtain MSNTQ, the weight loss increased com-

pared to MSN, and the calculated amount of TQ-loaded to

MSN was 7.62 wt. %. This observation confirms the

successful loading of TQ into the pores of silica nanopar-

ticles. Further attachment of polymer materials for each of

the two coating layers to obtain the shells resulted in more

relative weight loss because of decomposition of poly-

mers: 35.2 wt. % in MSNTQN-CS nanoformulation and

16.4 wt. % in MSNTQ-WA nanoformulation. This result

further confirms the successful coating process on

MSNTQ core nanoformulation. Figure 5C and D shows

the DSC profiles of materials. It is seen that no peaks are

presented in MSNTQ, MSNTQ-CS, and MSNTQ-WA

comparing to TQ with its two melting point peaks. This

could attribute to TQ molecules are entrapped into pores

of MSNs even though shell layer was constructed.

The results of FTIR characterization are shown in Figure 6.

In the MSN spectrum, two characteristic bands appeared to be

related to starching vibrations for the Si–O–Si at 805 cm−1

(symmetric) and 1,090 cm−1 (asymmetric), which confirm the

mesoporous silica framework formation. In addition, a broad

prominent band appeared at 3,446 cm−1, corresponding to

hydroxyl groups on the surface of the nanoparticles.57 The

almost complete disappearance of peaks at 2,800–3,200 cm−1

and 1,470 cm−1 confirmed the successful removal of CTAC

template from MSNs.58 The template can be also removed

using sodium chloride-methanolic solution procedure.59 The

FTIR spectrum of MSNTQ displayed two new bands at 1,380

and 1,641cm−1, corresponding to TQ, and the intensity bands

at 2,934 and 3,340 cm−1 increased. The FTIR spectrum of

MSNTQ-WA showed that the bands at 1,380, 1,641, and

2,934 cm−1, corresponding to TQ, slightly diminished in com-

parison with MSNTQ (as indicated by black arrows). This

Figure 3 FE-SEM images of MSNs before and after drug loading and coating with polymer shells.

Notes: MSN (A), core MSNTQ (B), core-shell MSNTQ-CS (C), and core-shell MSNTQ-WA (D).

Abbreviations: FE-SEM, field emission scanning electron microscopy; MSN, mesoporous silica nanoparticles; MSNTQ, MSNs loaded with TQ as core; MSNTQ-CS,

MSNTQ coated with the shell consists of chitosan and stearic acid; MSNTQ-WA, MSNTQ coated with the shell consists of whey protein and gum Arabic.
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result can be explained by attachmentWP andAGpolymers to

MSNTQ covering the loaded TQ molecules corresponded to

1,645 and 2,920 cm−1. Thus, the functional groups on the

surface are strongly related to WA. In the FTIR spectrum of

MSNTQ-CS, there were two small bands at 1,690, 2,870, and

2,925 cm−1 corresponding to CS and SA pure polymers, and

one broadband centered at 1,430 cm−1, ascribed to chitosan

(Cs) (blue dashed ring).Additionally, the intensity in the region

centered at 3,440 cm−1 (indicated by black arrows) for

MSNTQ-WA and MSNTQ-CS is smaller than for MSNTQ.

This is presumably a result of polymer coating. The differences

in the FTIR spectra formaterials before, after drug loading, and

after polymer coating are in line with results previously

reported by Sun et al,60 for MSNs loaded doxorubicin drug

and coated with multiple polyelectrolyte layers.

In vitro release studies
The Supplementary materials show the pre-release stu-

dies in detail. To perform the solubility studies, the line-

arity and strong correlation between “TQ concentration”

and “absorbance” was proved through R2 values

approaching one, and straight-line equation, as shown in

Table SI1 and Figure SI1. The favorable pH zone for TQ

solubility in PBS lies between pH 5.5 and 7.4, increasing

with increasing acidity (Table SI2). To further confirm

that TQ is still entrapped in nanoformulations after the

coating process, the total TQ content, TQ loading

efficiency/capacity, and its entrapment efficiency were

investigated by UV-vis spectrophotometry method. The

detailed results are shown in Table SI3. To analyze the

values obtained from the release study quantitatively, we

used “KinetDS3.0” software, employing different mathe-

matical formulae to find the best fitting model. RE is

defined as the area under the release curve up to time (t),

expressed as a percentage of the released drug,61 while

MDT characterizes drug RR and thus depends on dose/

solubility ratio.62

The in vitro TQ release profiles at pH 7.4 are presented

graphically in Figure 7A, and data are listed in Table SI4.

It was carried out for 12 hrs only because of TQ instability

at this pH. At pH 5.5 and 6.8, release was extended to 72

hrs.42 The maximum (p<0.05) TQ release of 38.9±2.2%

occurred after 12 hrs for MSNTQ, followed by MSNTQ-

CS (30.9±3.8%) and then MSNTQ-WA (26.7±4.1%). The

nanoformulation of MSNTQ showed a significantly differ-

ent release profile (p<0.05) compared to MSNTQ-CS and

MSNTQ-WA. The release profiles of the two nanoformu-

lations were not significantly different. The RR reached

3.25±0.42%/h for MSNTQ, 2.57±0.26%/h for MSNTQ-

CS, and 2.22±0.32%/h for MSNTQ-WA, respectively.

The RE was found to be 25.7±2.5% with MSNTQ, 19.3

±1.7% with MSNTQ-CS, and 17.5±2.1% with MSNTQ-

WA, respectively. As for MDT values, MSNTQ showed

the lowest value (4.07±0.08 h), followed by MSNTQ-CS

140
0.02

0.01

0.00

P
or

e 
vo

lu
m

e 
dV

p/
dD

(c
m

3  
gm

-1
 n

m
-1

)

0 10 20 30 40

Pore diameter (nm)

50 60 70 80

MSN
MSNTQ
MSNTQ-CS
MSNTQ-WA

MSN
MSNTQ
MSNTQ-CS
MSNTQ-WA

A B

120

80

60

40

20

Vo
lu

m
e 

ad
so

rb
ed

 (c
m

3 /
g)

 S
TP

0

0 0.2 0.4

Relative pressure (p/p0)

0.6 0.8 1

100

Figure 4 Nitrogen adsorption–desorption isotherms and pore size distributions measurements of all materials.
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(4.51±0.13 hrs) and MSNTQ-WA (4.11±0.03 hrs). This

result implied an effect of polymeric hindering of drug

release, with the highest hindering for the MSNTQ-CS.

The release profiles of TQ at pH 6.8 (Figure 7B, Table SI5)

showed a sustained release pattern, reaching a maximum after

72 hrs. The TQ released for MSNTQ was 70.3±5.5%; for

MSNTQ-CS it was 97.1±5.1%, and for MSNTQ-WA, it was

86.7±4.2%. A relatively rapid burst at the beginning of release

for MSNTQ-CS and MSNTQ-WAwas observed, followed by

characteristic slow release. TheMSNTQ-CS demonstrated the

maximumTQ release, with a significantly high (p<0.05) mean

cumulative TQ released after 72 hrs. The highest RE (82.0

±5.7%) and RR (1.35±0.77%/h) were found for MSNTQ-CS

compared to other nanoformulations; RE (55.5±3.3%) and RR

(0.98±0.01%/h) for MSNTQ; and RE (73.2±4.0%) and RR

(1.20±0.05%/h) for MSNTQ-WA. As for MDT, MSNTQ-CS

and MSNTQ-WA showed insignificantly higher values: 11.19

±4.99 and 11.2±4.03 hrs, respectively, but it significantly

differed from MSNTQ release (1.52±0.02 h).

Release profiles of TQ at pH 5.5 (Figure 7C, Table SI6)

indicated a maximum TQ release from MSNTQ-WA (91.3

±5.0%), followed by MSNTQ-CS (86.3±4.8%), and

MSNTQ (49.1±5.3%). We detected no significant differ-

ence between MSNTQ-CS and MSNTQ-WA. Worth not-

ing, pH – rather than the type of polymeric shell – governs

the release parameters of TQ for these core-shell nanofor-

mulations. This relationship was reflected through the

insignificance difference (p>0.05) in RE, MDT, and RR

of both MSNTQ-CS and MSNTQ-WA. At the same time,

the polymer shell effect was evident through the signifi-

cant difference (p<0.05) for MSNTQ-CS and MSNTQ-

WA release parameters compared to those of MSNTQ.

In general, the rate of TQ release into the dissolutionmedia

may depend on binding between TQ and MSN, permeability
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Abbreviations: TGA, thermal gravimetric analysis; DSC, differential scanning calorimetry analysis; MSN, mesoporous silica nanoparticles; MSNTQ, MSNs loaded with TQ

as core; MSNTQ-CS, MSNTQ coated with the shell consists of chitosan and stearic acid; MSNTQ-WA, MSNTQ coated with the shell consists of whey protein and gum
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of the polymer shell, and pH of the medium. Coating of

MSNTQ-CS and MSNTQ-WA hinders TQ release compared

to uncoated MSNTQ. The initial burst release could be caused

by dissolution of some TQ adsorbed to the outer shell.

All TQ release profiles followed the Korsmeyer–Peppas63

kinetic model, which is characteristic for drug release from

polymeric systems.64 This model corresponds to Fickian diffu-

sion of TQ into release media65 and is an anomalous form of

transport based on the diffusion-controlled release, as proposed

by Ritger et al.66 Factors affecting TQ release from the nano-

formulations in different pHs are as follows:

1. Solubility of TQ: Its maximum solubility occurs at

pH 5.5 (Figure SI2), as confirmed by the MDT at

pH 5.5.

2. Presence of a polymeric shield: This shield slows TQ

release, as seen in the RR and RE values (Table SI6).

3. Dependence on composition of the shell layer: In

case of a shell with chitosan/stearic acid in

MSNTQ-CS, the slow release of TQ may result

from ionic interactions between chitosan and stearic

acid in the shell. The ionic gelation interaction

between them depends on the pH condition,67 so

that pH may control TQ release.68 In the case of the

shell in MSNTQ-WA, TQ release may depend on
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Abbreviations: FTIR, Fourier transform infrared spectroscopy; MSN, mesoporous
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MSNTQ coated with the shell consists of chitosan and stearic acid; MSNTQ-WA,
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Notes: In vitro release profiles at pH 7.4 (A). In vitro release profiles at pH 6.8 (B).

In vitro release profiles at pH 5.5 (C). The curves are expressed as mean ± SD

(n=3), and error bars were created based on SD values.
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pH condition because the two polymers interact to

produce a polyelectrolyte complex.69 This interac-

tion depends on pH,70 so that pH level would either

hinder or facilitate TQ release. In addition, whey

protein swelling is minimum at its isoelectric point

(pI at 5.1).71 Thus, TQ release for core-shell nano-

formulations was higher at pH 5.5 and pH 6.8

compared to pH 7.4.

In vitro biocompatibility of MSNs
A significant effect on cell viability (p<0.05), which

depends on concentrations, cell line, and incubation

times, was observed (Figure 8). A high dose significantly

reduced cell viability. For SW1088 cancer cells, the MSNs

at a high concentration of 1,000 µg/mL reduced cell via-

bility to 44.8±1.3% (48 hrs) and 45.7±1.3% (72 hrs) com-

pared to other concentrations used. The difference between

different incubation times was insignificant (except for

12.3 µg/mL). The calculated IC50 was 374 µg/mL at 48

hrs and 418 µg/mL at 72 hrs (Figure 8A). For A172 cancer

cells, an increasing concentration decreased cell viability.

High reduction percentages were obtained when cells were

treated with 1,000 µg/mL compared to others, and the cell

viability was 54.2±0.8% (48 hrs) and 52.5±0.7% (72 hrs).

The time effect was significant with concentrations of

12.3 and 1,000 µg/mL, respectively, compared to others.

Also, the IC50 was 1,763 µg/mL at 48 hrs and 1,644 µg/mL

at 72 hrs (Figure 8B). For HCN2 normal cells, a relatively

high viability was obtained compared to cancer cell lines:

for cells treated with 1,000 µg/mL, the cell viability reached

for 61.0±0.5% and 55.9±0.5%. The time effect significantly

affected viability at 48 and 72 hrs at all concentrations.

Moreover, the IC50 was 5,124 µg/mL at 48 hrs and 2,310

µg/mL at 72 hrs (Figure 8C). These results demonstrate that

the MSNs were less toxic for HCN2 brain normal cells

compared to brain cancer cells, showing relatively higher

biocompatibility with normal brain cells. This finding led us

to calculate the selectivity index (SI) by means of IC50

values (Table 2), dividing the IC50 value of normal cells by

that of cancer cells (Table 3). The SI values were as fol-

lows: 13.7 (with SW1088 cells) and 2.9 (with A172 cells) at

48 hrs; and 5.5 (with SW1088 cells) and 1.4 (with A172

cells) at 72 hrs. We infer that SI depends on the cancer cell

line and time of incubation. The greater SI value indicates

more selectivity, thus SW1088 extremely much sensitive to

MSNs than A172 cells after 48 hrs and after 72 hrs.

In vitro anticancer activity of fabricated

nanoformulations for brain cancer cells
The anticancer activity was evaluated for nanoformula-

tions and TQ by means of cell viability with the MTT

assay. Cancer and normal cells were subjected to different

concentrations at two incubation periods of 48 and 72 hrs

(Figure 9). The data demonstrated that viability depended

on cell line, TQ form, and time.

As shown in Figure 9A for SW1088 cancer cells,

a significant difference (p<0.05) was observed when incuba-

tion time was considered. After 48 hrs, low cell viability was

detected when cells were treated with 100 µg/mL and reached

24.7±0.4% for MSNTQ, 25.3±1.0% for TQ, 26.5±1.3% for

MSNTQ-WA, and 29.2±0.9% for MSNTQ-CS. At 72 hrs,

slight changes were observed, with the following reduction

percentages: MSNTQ-WA (19.9±0.9%), TQ (21.3±1.0%),

MSNTQ-CS (22.3±1.2%), and MSNTQ (22.4±0.7%).

As indicated in Figure 9B, for A172 cancer cells,

a significant difference (p<0.05) was found between incu-

bation times. After 48 hrs, the lowest viability values were

found when cells were treated with 100 µg/mL, ranked as

follows: 23.1±0.9% (TQ), 26.1±0.3% (MSNTQ), 31.4

±0.7% (MSNTQ-WA), and 34.8±1.0% (MSNTQ-CS). On

further incubation to 72 hrs, some change was observed,

with lower viabilities when cells were treated with 100 µg/

mL, ranked as follows: MSNTQ < MSNTQ-WA < TQ <

MSNTQ-CS. These results indicated that MSNTQ is more

toxic on A172 cells than is TQ or other nanoformulations.

Interestingly, treating HCN2 normal cells with the

present nanoformulations and TQ resulted in a less

toxic effect on these cells compared to cancer cells

(Figure 9C). After 48 hrs, the minimum cell viability

values were recorded with 100 µg/mL as follows:

MSNTQ < MSNTQ-CS < TQ < MSNTQ-WA. Also,

MSNTQ significantly decreased viability as compared

to other samples. Further incubation for 72 hrs resulted

in less toxic effect, and MSNTQ significantly decreased

the cell viability compared to other samples used.

For a better understanding of the above complex

effects, we calculated the IC50 values (Table 2). IC50

calculations also confirmed that the anticancer effect in

terms of cell viability depends on the cell line, TQ form,

and time. For cancer cells after 48 and 72 hrs, TQ had

a little more anticancer activity compared to other nano-

formulations. We did not expect such an effect after 72

hrs; this action is strongly related to the kinetic release

properties of TQ from nanoformulations. In this context,
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only about 80–85% of TQ from core-shell nanoformula-

tions was released into PBS media after about 72 hrs as

a result of its polymeric shell coating.

In contrast to cancer cell lines, a higher toxic effect

was obtained when HCN2 normal cells were treated with

MSN-TQN, followed by TQ, then MSNTQ-CS, and
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Figure 8 In vitro cytotoxicity of MSNs for biocompatibility evaluations on brain cancer cells (SW1088 and A172) and normal brain cells (HCN2) after 48 and 72 hrs of

incubation with cells.

Notes: Biocompatibility of MSN on SW1088 cancer cells with different concentrations from 12.3 to 1,000 µg/mL (A). Biocompatibility of MSN on A172 cancer cells with

different concentrations from 12.3 to 1,000 µg/mL (B). Biocompatibility of MSN on HCN2 normal cells with different concentrations from 12.3 to 1,000 µg/mL (C); all data

are expressed as mean ± SD. The differences are labeled with * (between the groups/samples) at p<0.05 based on the least significant difference (LSD values). Non-significant

differences are marked as NS, it indicated by line linked the NS groups (for two samples).

Abbreviations: MSN, mesoporous silica nanoparticles; SW1088, human astrocytoma brain cancer cells; A172, human glioma cells; HCN2, human cortical neuronal cells-2

normal cells; SD, standard deviation.
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MSNTQ-WA. This pattern was seen at both incubation

times, indicating that MSNTQ-WA and MSNTQ-CS

showed better compatibility with normal cells than did

TQ with long-time incubation at 72 hrs, which is

important.

With these significant differences concerning toxicity,

we calculated the SI (Table 3). The SI calculation verified

that MSNTQ-WA showed better selectivity for cancer than

for normal cells compared to TQ and other nanoformula-

tions. Furthermore, combining the information from IC50

and SI demonstrated that MSNTQ-WA had a more efficient

selectivity effect (22.15) and IC50 value (1.57 µg/mL) for

SW1088 cancer cells than A172 cancer cells. Showing the

importance of the balance between toxicity and selectivity

is important. Thus, it seems that core-shell nanoformula-

tions are required for targeted killing of brain cancer cells.

Few studies have demonstrated such an effect for other

cancer cells for TQ-nanoparticles made from polymeric

materials.72,73 The TQ-nanoformulations designed here

are promising not only in improving TQ therapeutic effi-

ciency but also in producing a targeted anticancer effect.

Nanoformulations improve caspase-3

activation in brain cancer cells
As Figure 10A shows, caspase activity (in fold change, FLD)

significantly increased (p<0.05) with increasing time from 48

to 72 hrs. Activity significantly varied among the three cell

lines. After 48 hrs of treatment, a remarkable activation was

detected for A172 compared to SW1088. Caspase-3 activity

expression was ranked in the following order: MSNTQ >

MSNTQ-WA > MSNTQ-CS > TQ > MSN. In contrast, for

HCN2 normal cells, as expected, caspase-3 activity was lower;

however, there still were significant differences among the

nanoformulations, pure TQ, andMSNs alone.Most important,

after 72 hrs, MSNTQ-WA displayed an effectively enhanced

activity in cancer cells over normal cells compared to other

nanoformulations and TQ or MSN. When cells treated with

MSNTQ-WA, caspase activation reached 7.13±0.05 FLD

(SW1088) and 9.4±0.2 FLD (A172), compared to HCN2

with 1.35±0.01 FLD.

As expected, nanoformulation triggered caspase-3 com-

pared to TQ, indicating that they not only inhibit proliferation

of cancer cells but also promote caspase-3 activation and

subsequent efficient cell death. The ability of prodrug-

nanoformulations to induce caspase-3 activation better than

free prodrug was reported by AbouAitah et al, reporting on

curcumin-loaded MSNs on cancer cells.74 Also, Choi et al,

pointed out that co-delivery of celastrol loaded in MSNs and

axitinib in PEGylated lipidic bilayers increase caspsase-3 and

induce apoptosis in tumor xenograft models.75 To the best of

our knowledge, no data have been published on caspase-3

activation by TQ nanoformulations in brain cancer.

Nanoformulations improve intracellular

release of cytochrome c in brain cancer

cells
Exposure of SW1088 cells to different samples resulted in

significant differences of cytochrome c (in FLD) for nano-

formulations compared to MSN and TQ after various per-

iods of incubation (Figure 10B). Statistical analysis data

indicate that there was a significant (p<0.05) difference

between samples, incubation times, and cell lines. For

SW1088 cells, MSNTQ-WA showed a significant effect

between 48 and 72 hrs compared to others. Significant

differences were observed among the most of samples

(except: MSNTQ, MSNTQ-CS, and TQ). Importantly,

MSNTQ-WA significantly induced maximum production

of cytochrome c in SW1088 cells to 10.2 FLD ±1.9 FLD

after 72 hrs compared to other nanoformulations and TQ.

For A172 cells, it was observed that there was a significant

difference between both times for MSNTQ and MSNTQ-

CS, while no significant was obtained for MSN, MSNTQ-

WA, and TQ. After 48 or 72 hrs, nanoformulations signifi-

cantly increased cytochrome c compared to TQ and MSN,

in the following order: MSNTQ-CS > MSNTQ > MSNTQ-

WA, where the maximum cytochrome c level obtained was

24.9 FLD ±0.8 FLD with MSNTQ-CS after 72 hrs. The

statistical analysis also demonstrated that the cytochrome

c release significantly increased in A172 cells compared to

SW1088 cells.

Table 3 The calculated selectivity index for all samples

Sample code Selectivity Index (SI)

48 hrs 72 hrs

SW 1088 A172 SW 1088 A172

MSN 13.7 2.9 5.5 1.4

MSNTQ 0.5 0.6 0.4 0.6

MSNTQ-CS 5.2 1.8 9.5 7.2

MSNTQ-WA 15.2 10.7 22.2 8.1

TQ 10.2 13.9 4.8 7.4

Abbreviations: MSN, mesoporous silica nanoparticles; MSNTQ, MSNs loaded

with TQ as core; MSNTQ-CS, MSNTQ coated with the shell consists of chitosan

and stearic acid; MSNTQ-WA, MSNTQ coated with the shell consists of whey

protein and gum Arabic; TQ, thymoquinone.
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Figure 9 In vitro cytotoxicity of core nanoformulation (MSNTQ) and core-shell nanoformulations (MSNTQ-CS and MSNTQ-WA), and TQ in free form on brain cancer

cells (SW1088 and A172), and normal brain cells (HCN2) after 48 and 72 hrs of incubation with cells.

Notes: Cytotoxicity on SW1088 cancer cells with different concentrations from 1.2 to 100 µg/mL (A). Cytotoxicity on A172 cancer cells with different concentrations from

1.2 to 100 µg/mL (B). Cytotoxicity on HCN2 normal cells with different concentrations from 1.2 to 100 µg/mL (C). All data are expressed as mean ± SD. The differences are

labeled with * (between the samples) at p<0.05 based on the least significant difference (LSD values). The orange line indicated the significant differences between incubation

times. Non-significant differences are marked as NS, it indicated by line linked the NS (for two samples). For nanoformulations, the concentration was calculated as an

equivalent amount of TQ in MSNTQ, MSNTQ-CS, and MSNTQ-WA.

Abbreviations: MSNTQ, MSNs loaded with thymoquinone; MSNTQ, MSNs loaded with TQ as core; MSNTQ-CS, MSNTQ coated with the shell consists of chitosan and

stearic acid; MSNTQ-WA, MSNTQ coated with the shell consists of whey protein and gum Arabic; TQ, thymoquinone; SW1088, human astrocytoma brain cancer cells;

A172, human glioma cells; HCN2, human cortical neuronal cells-2 employed as normal cells; SD, standard deviation.
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The results confirm that cytochrome c release into cancer

cells depends on cell line, TQ delivery method, and time.

MSNTQ-WA induced a higher release of cytochrome c in

SW1088 cells, whereas MSNTQ-CS induced a higher effect

in A172 cells. They both led to increased cytochrome

c compared to TQ even though they showed a slightly higher

anticancer effect. This result further supports the need to

develop DDSs to deliver natural prodrugs. Additionally, such

enhancement observed for nanoformulations might arise from

a synergistic effect because cytochrome c was higher than for

MSN and TQ alone.

TQ in its free form was previously reported to induce

cytochrome c release in different cancer types, in particu-

lar in cytoplasm, highlighting its essential role in apoptosis

cell death.76,77 However, we could find no data on brain

tumor cells regarding SW1088 or A172 cells. Thus, our

results provide new confirmation that TQ increases cyto-

chrome c level in SW1088 cancer cells, especially when

administered in the form of nanoformulations. Because the

release of cytochrome c is likely to inhibit cancer via an

apoptosis pathway, these nanoformulations are promising

as anticancer nanoformulations.

Nanoformulations improve cell cycle

arrest at the G2/M phase in brain cancer

cells
The growth process of cells involves subsequent phases of

the cell cycle. Therefore, we investigated the cell cycle

distribution after treating the SW1088 cancer cells with

TQ and nanoformulations. This evaluation allowed us to

explore the mechanism by which nanoformulations and

TQ exert their toxic effect on cancer cells. We examined

selected MSNTQ-WA, MSNTQ-CS, and TQ to assess cell

cycle distribution for SW1088. Cells were exposed for 72

hrs to the concentration (µg/mL) corresponding to their

respective IC50 values for TQ or an equivalent amount in

the formulations and compared to controls (cells without
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Figure 10 Molecular mechanism of targets of core nanoformulation (MSNTQ), and core-shell nanoformulations (MSNTQ-CS and MSNTQ-WA), and TQ in free form on

brain cancer cells (SW1088 and A172), and normal brain cells (HCN2) after 48 and 72 hrs of incubation with cells.

Notes: caspase-3 activation in fold change measured by ELISA for all samples after 48 and 72 hrs of incubation with SW1088, A172, and HCN2 at IC50 concentration for

each sample (A). Cytochrome c intracellular release in fold change measured by RT-PCR for all samples after 48and 72 hrs of incubation with SW1088, A172, and HCN2 at

IC50 concentration for each sample (B). All data are expressed as mean ± standard deviation. The differences are labeled with * (between the samples or time effect) at

p<0.05 based on the least significant difference (LSD values). Non-significant differences marked as NS (between the samples or time effect). In case of caspase-3: solid-gray

line indicates the significance between cell lines; the dashed-orange line indicates differences between incubation times. In case of cytochrome c: solid-orange line indicates

NS between some linked samples together, the solid-olive line indicates significant differences between some linked samples together, and the dashed-orange line indicates

the differences between some samples. The cells treated with IC50 concentrations of TQ, MSNTQ, MSNTQ-CS, and MSNTQ-WA. A significant difference was obtained

between cell lines (SW1088 and A172, with LSD of 0.655 regarding the obtained mean values of the two groups).

Abbreviations: MSNTQ, MSNs loadedwith TQ as core; MSNTQ-CS, MSNTQcoatedwith the shell consists of chitosan and stearic acid; MSNTQ-WA,MSNTQcoatedwith the

shell consists of whey protein and gum Arabic; TQ, thymoquinone; SW1088, human astrocytoma brain cancer cells; A172, human glioma cells; HCN2, human cortical neuronal

cells-2 employed as normal cells; ELISA, enzyme-linked immunosorbent assays; IC50, the half maximal inhibitory concentration; SD, standard deviation.
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Figure 11 The cell cycle and apoptosis analysis by flow cytometry measurements after treating SW1088 cancer cells with core-shell nanoformulations and free TQ for 72

hrs compared without any treatments (control, only SW1088 cells).

Notes: Cell cycle arrest evaluations in SW1088 investigated by means of by propidium iodide staining (A–D). Apoptosis evaluation in SW1088 cells was done through

Annexin-V/FITC staining (E–H). The cells treated with IC50 concentrations.

Abbreviations: MSNTQ, MSNs loadedwith TQ as core; MSNTQ-CS, MSNTQcoatedwith the shell consists of chitosan and stearic acid; MSNTQ-WA,MSNTQcoatedwith the

shell consists of whey protein and gum Arabic; TQ, thymoquinone; SW1088, human astrocytoma brain cancer cells; A172, human glioma cells; HCN2, human cortical neuronal

cells-2 employed as normal cells; IC50, the half maximal inhibitory concentration; EAPO, early apoptosis; LAPO, late apoptosis; NC, necrosis; SD, standard deviation.
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any treatments, PBS only). The results are illustrated in

Figure 11A–D. At the G0/G1 phase, the MSNTQ-CS had

61.8% of the cell distributions, similar to controls. Greater

changes followed treatment with MSNTQ-WA and TQ,

which reduced the cell cycle at G0/G1 phase to 55.3%

and 55.8%, respectively. At S phase, following all treat-

ments, cell division was inhibited in comparison to con-

trols in the order MSNTQ-CS > MSNTQ-WA > TQ. For

cell distribution at G0/G1 and S phases, cell populations

were highly accumulated at G2/M. Increasing cell cycle

distribution at G2/M ranked as follows compared to con-

trols (4.6%): MSNTQ-WA (12.8%) > TQ (11.8%) >

MSNTQ-CS (9.9%). This pattern indicated the promotion

of SW1088 cancer cell arrest at the G2/M phase.

Several studies have demonstrated the interference of

TQ on cell cycle at different phases in different types of

cancer, where it can arrest cell cycle at G1 and 2/M

phases. Such differences could be attributed to the cancer

cell line and to various up or down-regulating molecular

signaling pathways. For instance, TQ arrests the G1 phase

Table 4 Summary of the obtained results for delivery methods of thymoquinone from anticancer and kinetic release studies

The delivery way of
thymoquinone

Structure Brain cell lines Targeting specifications

TQ (free) Normal cell line Not specific killing

Cancer cell lines Not targeting

High solubility at pH 5–6

Core nanoformulation Normal cell line Not specific killing

MSNTQ Cancer cell lines Not targeting

Release TQ at almost neutral pH 7.4

Core-shell nanoformulations

MSNTQ-CS

MSNTQ-WA

Normal cell line Specific killing to act on cancer cells and less toxicity

to normal cells.Cancer cell linesMSNTQ-WA

MSNTQ-CS Targeting cancer cells.

Release TQ at pH 5.5 and 6.8, encountered in

tumor tissue

Abbreviations: MSNTQ, MSNs loaded with TQ as core; MSNTQ-CS, MSNTQ coated with the shell consists of chitosan and stearic acid; MSNTQ-WA, MSNTQ coated

with the shell consists of whey protein and gum Arabic; TQ, thymoquinone; SW1088, human astrocytoma brain cancer cells; A172, human glioma cells; HCN2, human

cortical neuronal cells-2 employed as normal cells.

Dovepress Shahein et al

International Journal of Nanomedicine 2019:14 submit your manuscript | www.dovepress.com

DovePress
5521

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


in HCT 116 human colorectal cancer cells78 and at G2/M

for human cholangiocarcinomas.79 Collectively, TQ can

alter the expression of multiple proteins that are responsi-

ble for cell cycle progression such as p21 and p53, result-

ing in cell cycle arrest at different phases.9 Furthermore,

TQ was suggested to be a useful anticancer agent for brain

tumors because it induces DNA damage, which is attrib-

uted to cell cycle arrest, and inhibits cell death in glioblas-

toma cells.16 Thus, we expect that MSNTQ-WA would

enhance DNA damage in SW1088 cells, finally leading

to the induction of G2/M cell cycle arrest followed by

apoptosis.

Nanoformulations improve apoptosis

induction in brain cancer cells
To further identify the apoptotic (late apoptosis: LAPO, and

early apoptosis: EAPO) or necrotic effects (necrosis: NC),

we performed the annexin V-FITC/PI assay and quantified

fluorescence by flow cytometry (Figure 11E–H). The apop-

totic effect appeared to increase following treatment with

TQ and its nanoformulations compared to control. The

effects on apoptosis were in this order: MSNTQ-WA

(11.2%) > MSNTQ-CS (9.9%) > TQ (8.9%). Distribution

of apoptosis varied among the tested samples, where a high

late apoptosis stage was found for TQ and MSNTQ-CS,

whereas MSTQ-WA induced early apoptosis. By combining

various apoptosis results, we note that MSNTQ-WA was

more likely to modulate the apoptotic effect in SW1088

cancer cells.

In fact, TQ is a multiple-targeting anticancer agent

through its ability to interfere with various singling pathways

in a wide range of glioblastoma brain cancers.21 Its apoptosis

activation can be through manipulation of p53-dependent

and p53-independent mechanisms.14,80 TQ also strongly

modulates regulatory proteins by increasing pro-apoptotic

and reducing anti-apoptotic proteins responsible for apopto-

sis. For instance, TQ shows direct activation of caspase-3 and

subsequent cleavage of poly(ADP-ribose) polymerase, as

well as upregulation of Bax and downregulation of anti-

apoptotic Bcl-2, leading to an increased Bax/Bcl-2 ratio via

downregulation of Bcl-2.81 Moreover, TQ increases caspase-

3 and cytochrome c in cytoplasm, along with reduction of

Bcl-xl and surviving proteins in breast cancer cells.82 In

addition, it can activate tumor suppressor genes in cancer

that effectively lead to apoptosis.10 The proposed full antic-

ancer mechanisms in our study are presented in Figure 1B,

indicating the programmed cell death of brain cancer cells

after treatments with nanoformulations. Thus, the present

findings are consistent with apoptosis caused by TQ activity

when the prodrug TQ was delivered by targeting cancer cells

using core-shell nanoformulations. Table 4 shows

a schematic of the results of the present study.

In summary, the main findings of the present study

in terms of cytotoxicity and molecular mechanisms are

that the MSNTQ-WA and MSNTQ-CS core-shell drug

delivery nanoformulations show a high ability to target

glioma brain cancer cell lines. They deliver TQ to

cancer cells preferentially while delivering less TQ to

normal cells. Three reasons can converge to explain the

high targeting ability of prepared core-shell DDS devel-

oped here:

1. The core-shell nanoformulations efficiently release

TQ into an acidic environment. Acidic pH is char-

acteristic of the tumor environment. At neutral pH,

corresponding to healthy normal cells, release is less

efficient. In keeping with this pattern, the core nano-

formulation MSNTQ displayed more cytotoxic

effects on HCN2 normal cells compared to cancer

cells because in that case, release at a neutral pH was

already extensive. Such particles are not optimal for

targeting cancer cells, where the environment is

acidic. Therefore, the pH-dependent release effect

may improve selective and targeting of cancer cells.

2. The shell layer hinders TQ release. Without a shell

layer, TQ release is mainly controlled by pH level

because the TQ solubility significantly increases with

decreasing pH, and TQ at the nanoparticle surface

has direct contact with the surrounding fluid.

Therefore, for MSNTQ particles, extensive release

already takes place at neutral pH, so that such parti-

cles are not optimal for targeting cancer cells. For

nanoformulations with shell layers, TQ release

becomes more complex and depends on the pH

effect on the polymer shell. There is an ionic inter-

action between component polymers used for each

shell at neutral or alkaline pH, leading to tightening

of the shell. In contrast, there is a lack of ionic

interaction between the two component polymers of

each shell design in an acidic pH environment. Thus,

for a longer test time of 72 hrs, a high release amount

for MSNTQ-WA and MSNTQ-CS was observed at

pH 5.5 and 6.8, but a slow release at pH 7.4. Hence,

TQ release from the core-shell nanoformulations is

favored in an acidic environment.
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3. Core-shell nanoformulations can target cancer cells.

Regarding the CS coating, the present results are in

line with a study by Ting et al,83 who reported stearic

acid–grafted chitosan micelle nanoparticles with

enhanced uptake by brain cancer cells. Endocytosis

was the main process of internalization into cells.

During an in vivo test, these particles rapidly crossed

the BBB. Their study showed the ability of CS-

coated nanoparticles to target brain cancer. Rapid

cellular uptake enabled efficient delivery of doxoru-

bicin (DOX), an anticancer drug, to the cells.

Regarding the WA shell, presumably, whey protein

probably facilitates adherence of core-shell nanopar-

ticles to the cancer cell surface and their subsequent

internalization. Whey protein has often been used as

nutraceutical and pharmaceutical carrier. For exam-

ple, b-Lactoglobulin protein is the main protein in

whey protein concentrate, and it was formed as

nanoparticles (98–192 nm) for drug delivery carrier

by Ha et al.84 They found that the nanoparticles are

not toxic on Caco-2 cells (human epithelial color-

ectal adenocarcinoma cells) but that their cellular

uptake in cells increased and varied based on particle

size. Such a high cellular uptake might result from

receptor-mediated endocytosis in brain cells that

allows molecular targeting. Also, whey protein

plays a crucial role in anticancer effects; for instance,

it proves an effective cysteine donor to glutathionewhen

depleted in an immune deficiency case.85 Glutathione

has an antioxidant effect against cancer cells that show

resistance to oxidative stress.86

Core-shell nanoformulations, especially MSNTQ-WA,

may target brain cancer cells because they include differ-

ent proteins, amino acids, and growth factors of whey

protein, which is needed in high amounts for cancer cell

growth compared healthy normal cells. The present results

may open the door to further study and development of

DDSs using whey proteins as a new targeting ligand

option to the currently used targeting molecules (ie,

sugars, acid, antibodies, and others) for targeted anticancer

DDSs. Use of novel chemistry of polymers-DDSs could

lead to the development of next generations of nanomedi-

cines for cancer therapy.87

As far as the mechanism of cancer cell killing, core-

shell nanoformulations (especially MSNTQ-WA) show sig-

nificantly enhanced molecular targeting of brain cancer cells

through caspase-3 activation, cytochrome c triggers, cell

cycle arrest at G2/M phase, and apoptosis induction com-

paring to application of free TQ. The mechanism of action

is similar to that of TQ but is much more efficient due to

targeting effect. Our study shows that the prepared opti-

mized drug formulations not only exhibit a toxic effect on

brain cells, but this effect is strongly targeted, and normal

brain cells are less toxic affected. We note that these results

concerning the anticancer potential of proposed core-shell

nanoformulations are preliminary. Therefore, further inves-

tigations are required to understand the full mechanisms

underlying brain cancer targeting.

Conclusions
We have successfully developed novel core-shell nanofor-

mulations for targeted delivery of natural anticancer thymo-

quinone (TQ) against glioma cancer cells. The

nanoformulation consists of MSNs loaded with TQ and

with a shell made of two kinds of polymers. The prepared

nanoformulations not only exhibit a highly toxic effect on

brain cells but also this effect is strongly targeted, and normal

brain cells are less affected.

Changing pH controls the kinetics of drug release. The

core-shell nanoformulations showed favorable TQ slow

release, and a higher release was detected at acidic pH (5.5

and 6.8) compared to pH 7.4. Especially MSNTQ-WA, with

the shell layer made of whey protein and gum Arabic, had

more toxic effects on both brain cancer cell lines (A172 and

SW1088) compared to normal cells (NCN2). This finding is

a favorable characteristic of the core-shell structures because

enhanced TQ release is expected in cancer tissues. The nano-

formulations displayed enhanced molecular targeting of can-

cer cells when compared to free TQ. The targeting of cancer

cells could be attributed to the shell materials. The anticancer

effect mechanism was similar to that expected for the general

molecular mechanism of action of TQ, eg, apoptosis induction

(caspase-3, apoptosis, intracellular release of cytochrome c)

and cell cycle arrest at G2/M phase, but significantly improved

compared to free TQ. These drug delivery designs are con-

sidered the first of their type presenting an in vitro–optimized

TQ formulation. These findings are promising for further

in vivo evaluations and developments.
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