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A B S T R A C T

Aims: Drug delivery to the brain is hindered by the blood-brain-barrier (BBB) that filters out most of drugs after
systemic administration. Therefore, there is an urgent need to develop more efficient drug delivery systems to
deliver pharmaceuticals to brain. In this work, the distribution and the effect of Thymoquinone (TQ) on different
oxidative stress biomarkers in different brain areas, either in the free form or encapsulated in mesoposrous silica
nanocarriers (MSNs) were systematically studied.
Materials and methods: MSNs and Thymoquinone-loaded mesoporous silica nanoparticles (MSN-TQ) were pre-
pared and characterized using TEM, DLS, and zeta potential. The encapsulation efficiency and release profile of
MSN-TQ were investigated as well. The chromatographic quantification of TQ was carried out to evaluate the
effect of TQ loading in MSNs on the TQ distribution throughout different brain regions. Additionally, some
oxidative stress biomarkers were evaluated like: glutathione reduced (GSH), glutathione-s-transferase (GST),
nitric acid (NO) and malondialdehyde (MDA).
Key findings: Results showed that the encapsulation of TQ in MSNs enhanced its delivery to some brain areas
(cortex, thalamus, hypothalamus and midbrain), on the other hand it reduced its delivery to the cerebellum
while its delivery to medulla and striatum was not changed compared to free TQ. Neither free TQ nor MSN-TQ
were able to reach the hippocampus.
Significance: It was found that the encapsulation of TQ in MSNs resulted in its redistribution in different brain
areas, thus, MSNs could be potentially utilized as a drug delivery system for selectively targeting the drug to
certain brain areas.

1. Introduction

The delivery of most Central Nervous System (CNS) active drugs,
especially, biopharmaceuticals is potentially hindered by the Blood
Brain Barrier (BBB).The BBB not only limits the passage of potentially
harmful chemicals into the brain, but also limits the delivery of bene-
ficial drugs [1]. Moreover, it has been noticed that over 60% of novel
drugs are water insoluble in the development stage. Thus, the im-
provement of drug solubility and thereby its bioavailability are among
the most challenging prospects of the drug development process. In the
last few years, increasing attention has been devoted toward the de-
velopment of novel drug delivery systems that can enhance drug
bioavailability [2,3].
Mesoporous silica nanoparticles (MSNs) are excellent matrices for

molecules and biomolecules anchorage, making these materials very
promising for several industrial applications, chemical and

environmental engineering, medicine and biology. Thousands of studies
reported MSNs properties and formations, due their strong suitability
for applications in many fields such as adsorption, separation, catalysis
and advanced materials. The control of particle size, morphology and
porosity, advancements in the synthesis of mesoporous silica materials
along with their chemical stability, have made silica matrices highly
attractive as the structural basis for a wide variety of applications [4].
These reasons make MSNs one of the most used Nano-carriers that are
suitable for delivery of drugs [5], proteins [5], vitamins [6], and anti-
oxidants [7]. A study conducted by Baghirov et al. proved that sphe-
rical and rod-shaped MSNs with the smallest dimension in the 100 nm
range either coated or not with copolymers were able to cross the BBB
[8].
Thymoquinone (TQ) is the main constituent of the volatile oil of

Nigella sativa seeds. The volatile oil of Nigella sativa was shown to con-
tain 24% TQ [9]. TQ protects organs against oxidative damage induced
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by a variety of free radical generating pathologies [10]. It also acts as
anti-inflammatory [11], neuroprotective [12,13], and anticancerous
drug [14,15]. Despite that TQ has tremendous potential as a therapeutic
compound, it has a toxic effect if it is taken in large amounts [16].
Moreover, its potency and bioavailability is limited by poor solubility
and poor formulation characteristics of its high lipophilicity. Thus,
using a suitable Nano-carrier will greatly improve its pharmacokinetics
and pharmacodynamics.
Compared to other organs, the brain is the most exposed organ to

free radicals. This is because, to supply energy to its areas, human brain
cells utilize 20% of the oxygen consumed by the body while it con-
stitutes only 2% of the body weight. Exposure of the brain to free ra-
dicals is also enhanced by its high levels of polyunsaturated fatty acids,
which are regarded as a good target for lipid peroxidation [17,18].
Moreover, the brain has an abundance of redox-active transition metal
ions in addition to the relative reduction of its antioxidant defense
systems [19].
Lately, there has been a growing interest in examining the possibi-

lity of drug delivery to brain using drug carriers [20–22]. Un-
fortunately, there is no study that examined the effect of drug loading
on carriers on the distribution of drugs in different brain areas. Hence,
this work aims to quantitatively evaluate the effect of TQ loading in
MSNs on the TQ distribution in different brain regions compared to free
TQ. In addition, this work focuses on examining the oxidative stress
condition of different rat brain areas after being treated with free TQ,
MSNs or MSN-TQ.

2. Materials and methods

2.1. Materials

Tetraethyl Orthosilicate (TEOS, 99%), Cetyltrimethylammonium
Bromide (CTAB) (99%), Thymoquinone (2-isopropyl-5-methyl-1, 4-
benzoquinone), 99% Ethanol, Dimethyl Sulfoxide (DMSO) and 1-
Chloro-2, 4 Dinitrobenzene (CDNB) 30mmol/l were purchased from
Sigma–Aldrich (St. Louis, MO, USA). 2-ethoxyethanol
(C2H5OCH2CH2OH, 99%) was purchased from Merck. Ammonia hy-
droxide (NH4OH, 28%) was purchased from Fluka. Thiobarbituric acid
(TBA) and 98% reduced glutathione were purchased from Sigma
Aldrich, Germany. Phosphate buffered saline (PBS) was obtained from
the Bio Basic Inc. USA. 1-chloro-2, 4 dinitrobenzene (CDNB) was pur-
chased from Sigma Aldrich, St. Louis, USA. 98% Trichloroacetic acid
(TCA) was obtained from SDFCL, Egypt.
Potassium phosphate buffer, Phosphate-buffered saline (PBS) pH 7.4

(100mM/l), Potassium dihydrogen phosphate buffer and kits for the
determination of oxidative stress biomarkers: Glutatione reduced
(GSH), Nitric oxide (NO), No. GR 25 11 and NO 25 33, respectively
were purchased from Bio Diagnostic Co., Giza, Egypt.

2.2. Preparation methods

2.2.1. Preparation of mesoporous silica nanoparticles (MSNs)
MSNs were synthesized according to the method given by El bialy

et al. [23]. Briefly, 0.5 g of CTAB (cationic surfactant) was dissolved in
70ml of deionized water using a magnetic stirrer until a clear solution
was obtained. Then, 0.5ml of ammonium hydroxide (28%) and 30ml
of the co-solvent (2-ethoxyethanol) were added to the CTAB solution.
The mixture was strongly stirred in a closed flask at room temperature
for 30min. After that, 2.5 ml of TEOS was added into the mixture and
vigorously stirred for 24 h. The prepared silica was collected using
centrifugation at 6000 rpm for 20min, washed 5 times with ethanol and
then 5 times with deionized water. To ensure complete removal of
CTAB, the prepared sample was heated to 500 °C for 6 h.

2.2.2. Preparation of Thymoquinone-loaded mesoporous silica
nanoparticles (MSN-TQ)
Thymoquinone (14mg) was dissolved in 1ml of DMSO: saline so-

lution with a ratio of 1: 9, respectively. Then, the prepared TQ was
added to the MSNs dissolved in deionized water with a weight ratio of
1:1. This suspension was shaken (100 rpm) in a water bath at room
temperature for 24 h. After that, MSN-TQ was separated using a cen-
trifuge. The concentration of the free TQ in the supernatant was cal-
culated from a calibration curve, at wave length λ=253 nm, using a
spectrophotometer and the encapsulation efficiency was calculated
from the following equation:

=EE total drug free drug
total drug

x% ( ) 100

2.3. Physical characterization of the prepared nanoparticles

2.3.1. Transmission electron microscopy (TEM)
TEM permits one to view each individual particle, giving informa-

tion about the shape and size of the prepared nanoparticles. MSNs
morphology and size were determined using TEM (JEM 1230 electron
microscope Jeol, Tokyo, Japan). Briefly, a solution of MSNs in deio-
nized water was dropped on a copper coated with carbon grid and the
excess sample was drawn off with filter paper. The grid was left 5 min to
dry at room temperature prior to the beginning of the examination.

2.3.2. Dynamic light scattering (DLS)
The hydrodynamic mean diameter and size distribution of MSNs

and MSN-TQ were determined using the Zetasizer (Nano ZS, Malvern
Instruments, UK). Zetasizer detects the scattered laser-light, at an angle
of 90° and at a temperature of 25 °C for diluted samples using laser
diffraction technique. DLS provides information about the poly-
dispersity of the sample via a Polydispersity Index (PDI). PDI > 0.5
indicates an inhomogeneous particle size distribution [24].

2.3.3. Zeta potential (ZP)
The surface charge of MSNs and MSN-TQ were examined by

Zetasizer (Nano ZS, Malvern Instruments, Malvern, UK), at room tem-
perature. ZP values were obtained by measuring the electro-phoretic
mobility of the particles moving into the applied electric field.

2.3.4. The absorption spectra of free TQ, MSNs and MSNs-TQ
The absorption spectra of MSN-TQ and TQ were measured using a

UV–Vis spectrophotometer (Jenway UV-6420; Barloworld scientific,
Essex, UK) in the wavelength range from 200 to 300 nm.

2.3.5. In vitro drug release
In vitro TQ release profiles from MSN-TQ were determined using a

dialysis bag diffusion technique. Sterilized dialysis bags with a dialyzer
molecular-weight cutoff of 12,000 DA were used to perform the release
experiment. These bags were soaked overnight in the release medium.
PBS solution of pH 7.4 was used as the drug release media to simulate
normal blood/tissue environment. 5 ml of MSN-TQ was centrifuged and
redispersed into 5ml of release media and placed into the dialysis bags.
The sealed dialysis bags were placed into bottles, and 15ml of release
media was added to each bottle. These bottles were shaken at a speed of
100 rpm at 37 ᴼC. 2ml of the external medium was taken from the
middle of the beaker and replaced with fresh medium to ensure the sink
condition at specified time intervals (0.5, 1, 2, 3, 4, 5, 6, 24 and 48 h).
The concentrations of the released TQ were calculated from the cali-
bration curve using a UV–Vis Spectrophotometer at 253 nm (Jenway
UV-6420; Barloworld scientific, Essex, UK).
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2.4. In vivo experiments

2.4.1. Animals
Male Wistar rats, 6–8weeks of age and a mean weight of

110 ± 10 g were used in this study. The animals were kept under fixed
housing conditions (12 h light/dark cycles) and temperature
(25 ± 1 °C). All animals received humane care in compliance with the
guidelines of the Ethical Committee of National Research Center, Egypt
and the recommendation of Institutional Animal Care and Use
Committee, Cairo University with approval number: CUIS 2 16.

2.4.2. Experimental design
Twenty four rats were randomly divided into 4 groups (each of 6

rats) and received a daily intraperitoneal (IP) injection for 5 days as
follows: (1) first group (control group): animals were injected with
saline and DMSO (10% DMSO: 90% saline), (2) second group (MSNs
group): animals were injected with MSNS (20mg/kg), (3) third group
(TQ group): animals were injected with free TQ (20mg/kg) and (4)
fourth group: (MSN-TQ group) animals were injected with MSN-TQ
(20mg of TQ/kg to 20mg of MSNs/kg). The duration of the experiment
and the doses of TQ were chosen according to the study of Sheikhbahaei
et al. (2016) [25].

2.4.3. Handling of tissue samples
Both treated and control animals were sacrificed by sudden decap-

itation on the 6th day of the experiment. The brain of each animal was
quickly removed and rapidly transmitted to an ice-cold Petri dish and
dissected to obtain the brain areas (cerebellum, hippocampus, tha-
lamus, cortex, hypothalamus, medulla, mid brain and striatum). Each
brain area was weighed and frozen until being analyzed. The brain
areas were weighed and homogenized using an automatic Homogenizer
(Heidolph DIAX 900, Germany) in 4ml of ice-cold PBS (50mM,
pH 7.4). The homogenate was centrifuged at 8000 rpm for 15min, at
4 °C using a high-speed cooling centrifuge (VS-18000 M small size, high
speed, refrigerated centrifuge, Korea) the clear supernatant was sepa-
rated and used for further analysis.

2.4.4. Distribution of TQ in different brain areas
The chromatographic identification of TQ was carried out at room

temperature (25 ± 1) °C. The mobile phase consisted of methanol,
acetonitrile, and potassium dihydrogen phosphate buffer (20mM,
pH 4.5) in the ratio of 50: 30: 20 v/v/v, which was delivered iso-
cratically at a flow rate of 1ml/min by c18 column (25 cm×4.6 cm) of
the HPLC system (YL 9100 HPLC, USA).

2.4.5. Determination of oxidative and non-oxidative stress parameters
2.4.5.1. Glutatione-s-transferase (GST) activity. GST activity was
measured according to the method of Habig et al. [26]. Briefly,
0.4 ml potassium phosphate buffer (50mM; pH 6.5), 0.1 ml of
supernatant, 1.2ml water and 0.1ml CDNB (30mM) were mixed and
left in a water bath at 37 °C for 10min. After incubation of the mixture,
0.1 ml of reduced glutathione (30mM) was added. The difference in
absorbance was determined at 340 nm using a spectrophotometer
(Jenway UV-6420; Barloworld scientific, Essex, UK) at one min
intervals.

2.4.5.2. Determination of reduced glutathione (GSH) levels. The assay of
reduced glutathione levels was performed using Biodiagnostic kit No.
GR 25 11, according to the method of Ellman (1959), 2-Nitro-s-
mercaptobenzoic acid is the product of the reduction of Ellman's
reagent by the SH group of GST [27]. The absorbance of the yellow-
color nitromercaptobenzoic acid anion was measured
spectrophotometrically (Jenway UV-6420; Barloworld scientific,
Essex, UK) at 412 nm.

2.4.5.3. Determination of lipid peroxidation levels. MDA, a measure of

lipid peroxidation, was measured according to the method of Ruiz-
Larreaet al. [28] by determining the thiobarbituric acid-reactive
substances. In this method, the thiobarbituric acid reactive substances
interact with thiobarbituric acid to form a pink colored complex. The
absorbance of the formed complex was read at 532 nm using the
spectrophotometer (Jenway UV-6420; Barloworld scientific, Essex,
UK).

2.4.5.4. Determination of Nitric Oxide (NO) levels. The assay of nitric
oxide was carried out using Biodiagnostic kit No. NO 25 33. According
to Moshage et al. [29], the NO levels were measured as nitrite using
Griess reagent. In brief, when Griess reagent was added to the tissue
supernatant, the nitrite changed to a deep purple azo compound which
absorbance was measured using a spectrophotometer (Jenway UV-
6420; Barloworld scientific, Essex, UK) at 450 nm.

2.5. Statistical analysis

All data were analyzed using Statistical Package for Social Sciences
(SPSS) software (version 19). Results were expressed as mean ±
standard error. Results were analyzed using Analysis of Variance
(ANOVA) test. Differences were considered significant for p-value, p ˂
0.05. The percentage difference which represents the percent of change
in the value in comparison with control was also evaluated.

= ×Difference D treated value control value
control value

% (% ) 100%

3. Results

3.1. Physical characterization of the prepared NPs

The morphological examination of MSNs by Transmission Electron
Microscopy (TEM) showed that the prepared nanoparticles were almost
spherical with homogeneous size distribution of about 90 nm (Fig.1A).
Also, TEM micrograph revealed that the prepared MSNs had a low
aggregation with a uniform alignment of pores and symmetrical shape.
Dynamic Light Scattering (DLS) measurements revealed that the mean
hydrodynamic diameter of MSN-TQ (105.77 ± 9.39 nm) was slightly
larger than MSNs (98.80 ± 8.39 nm) (Fig. 1B). Zeta potential results
showed that the prepared MSNs had high positive zeta potential charge
of 30.80 ± 2.34mV (Fig. 1C). Loading TQ to MSNs reverted their
surface's zeta potential to be −15.90 ± 1.85mV. The optical proper-
ties of the prepared formulations were investigated using UV–Vis
spectroscopy, which is one of the most commonly used techniques for
nanoparticles investigations. As seen in Fig. 2A, the UV–Vis absorption
spectrum of free TQ showed a sharp peak at 260 nm, while, after being
loaded into MSNs, the MSN-TQ demonstrated a broad band around
250 nm. It should be mentioned that MSNs didn't show any absorption
peak in this region of the spectrum. The high encapsulation efficiency of
MSN-TQ (95.10 ± 3.5%, where MSNs: TQ weight ratio was 1:1) would
be attributed not only to the strong electrostatic interaction between
the positive MSNs and the negatively charged TQ, but also to the large
surface area of MSNs pores that had the ability to host large quantities
of drugs.

3.2. Release profile

The in vitro release profile of TQ from MSNs showed a rapid release
at the first 5 h that might be attributed to the release of TQ from the
MSNs' surface. On the other hand, the slower release at a later stage was
probably due to the release of TQ from the internal pores of MSNs
(Fig. 2B). As the probable interaction between Si of MSNs and oxygen of
TQ led to slower and controlled release of TQ from the internal pores
[30].
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3.3. In vivo studies

3.3.1. The distribution of TQ in different brain areas
Table 1 demonstrates the quantitative distribution of TQ in different

brain areas for two experimental groups of rats: (a) TQ-group: ad-
ministrated by free TQ, (b) MSN-TQ group: administrated by MSNs-TQ.
Results showed that loading of TQ to the MSNs enhanced the drug
targeting to the cortex, thalamus, midbrain and hypothalamus by 13%,
11%, 20%, and 71%, respectively, as compared to the TQ-group. In
contrast, the encapsulation of TQ to mesopores silica nanocarriers re-
duced its targeting to the cerebellum by 20%. In case of medulla,
striatum, and hippocampus, there were non-significant changes in the
TQ concentrations between the two experimental groups. Meanwhile,
neither the free TQ nor the encapsulated one reached the hippocampus.

3.3.2. The oxidative stress parameters in different brain areas
Oxidative stress is defined as an imbalance between the generation

of free radicals and the neutralization of their toxic effect by anti-
oxidants. Fig. 3 (A-D) presents the levels of NO, MDA and GSH and the
activity of GST in different brain areas for animals administrated with
saline, MSNs, free TQ or MSNs-TQ.
In the cortex, the levels of NO significantly decreased for MSNs

group and MSNs-TQ group by (−36%) and (−39%), respectively,
compared with the control group. Meanwhile, the NO levels in the free
TQ and the control groups revealed non-significant changes. The cor-
tical GST activity significantly increased for MSNs group, free TQ group
and MSNs-TQ group by 38%, 45% and 21%, respectively, above the
control values. Moreover, the GST activity significantly decreased for
MSNs-TQ group (9.44 ± 0.21) when compared to that of the MSNs
group (10.82 ± 0.60) and the TQ group (11.33 ± 0.41). The cortical
MDA levels showed significant decrease in the MSNs group 35% and the
MSNs-TQ group 34% below the control levels. However, there was a
significant increase in the cortical MDA levels in the free TQ group 64%
relative to the control group. For the free TQ group, there was a sig-
nificant increase in cortical MDA levels (12.94 ± 0.89) when com-
pared to the MSNs (5.10 ± 0.0.37) and MSNs-TQ (5.20 ± 0.74)
groups. Meanwhile, the cortical GSH levels showed non-significant
changes among all experimental groups.
Regarding the medulla, the NO levels significantly decreased in the

MSNs group by about 37% below the control levels. Meanwhile, NO
levels demonstrated significant increases for the MSNs-TQ group 38%
above the control values. However, the TQ group showed non-sig-
nificant alteration in the NO levels compared to the control group.
There was no-significant change in the GST activity in the MSNs group
when compared to the control group. On the other hand, GST activities
significantly increased in the TQ and MSNs-TQ groups by (65% and
62% respectively) above the control values. In MSNs group, GST ac-
tivity (6.64 ± 0.65) showed a significant decrease in comparison with
TQ (13.26 ± 0.19) and MSNs-TQ (13.00 ± 0.50) groups. The MDA
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Table 1
The distribution of TQ in brain areas of different experimental groups.

Brain areas TQ– group
TQ concentration (μg/g
tissue)

MSN-TQ group
TQ concentration (μg/g
tissue)

(%D)

Cortex 15.70 ± 0.79 17.78 ± 0.40 (13%)
Medulla 0.23 ± 0.05 0.24 ± 0.01 –
Cerebellum 5.08 ± 0.03 4.08 ± 0.00 (−20%)
Thalamus 401.00 ± 39.23 453.80 ± 20.21 (11%)
Striatum 165.10 ± 8.81 165.00 ± 12.04 –
Midbrain 91.76 ± 1.29 110.00 ± 1.50 (20%)
Hypothalamus 12.32 ± 0.40 21.04 ± 1.06 (71%)
Hippocampus Zero Zero –

Values represent the mean ± Standard error of Mean (n=6). %D: is the
percentage difference in comparison to free TQ group and is shown only for
significantly (p < 0.05) different means.
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levels showed a significant decrease of about 61%, in the MSNs group
below the control levels. But no significant changes were recorded in
the case of TQ and MSNs-TQ groups relative to the control group. In
addition, MDA levels in the MSNs group (4.04 ± 0.36) showed sig-
nificant decrease as compared to the TQ group (7.45 ± 0.43) and the
MSNs-TQ group (7.01 ± 0.54). With reference to the control group,
the GSH level was not significantly changed in the MSNs group. In
contrast GST levels were significantly decreased in the TQ group and
MSNs-TQ group by 51% and 50%, respectively, below the control va-
lues.
The results of oxidative stress parameters for the cerebellum showed

that there were non-significant changes in the cerebellar NO and MDA
levels among all experimental groups. Moreover, the GST activity was
significantly decreased in MSNs group, TQ group and MSNs-TQ group
by 25%, 30% and 60%, respectively, as compared to the control group.
GSH was significantly increased in the TQ group 68% relative to the
control group. In addition, its levels were significantly decreased in the
MSNs and MSNs-TQ groups to (1.01 ± 0.19) and (0.92 ± 0.07) re-
spectively, relative to the TQ group (2.37 ± 0.49).
For the thalamus area, the NO levels for the MSNs group recorded

non-significant changes from the control group, while, it was sig-
nificantly increased in the TQ group by 48% and MSNs-TQ group
by117% above the control values. In addition, the NO levels were sig-
nificantly decreased in the MSNs group (1.19 ± 0.07) and in the TQ
group (1.70 ± 0.22) with reference to the MSNs-TQ group
(2.5 ± 0.23). Also, the GST activity showed non-significant changes in
the TQ group, but, significantly increased in the MSNs group by 60%
and in the MSNs-TQ group by 26% above the control group. It is worth
to mention here that the GST activity in the thalamus of the MSNs
group (21.67 ± 1.01) was significantly higher than that of TQ group

(14.32 ± 0.57) and MSNs-TQ group (17.40 ± 0.58). MDA level re-
corded non-significant change in the MSNs group, however, it was
significantly increased in the TQ group by 65% besides that MSNs-TQ
group by 177% above the control values. Regarding the GSH levels in
the thalamus, there was non-significant change in the GSH levels in the
MSNs-TQ group as compared to the control group. Meanwhile, the GSH
level recorded a significant increase by 82% in the MSNs group and a
significant decrease 38% in the TQ group when compared to the control
levels. The GSH level was significantly increased in the MSNs group
(10.98 ± 0.45) relative to the TQ group (3.79 ± 0.19) and the MSNs-
TQ group (5.57 ± 0.88).
The NO levels in the striatum showed non-significant changes in the

MSNs group and the TQ group as compared to the control group.
Moreover, NO levels significantly increased in MSNs-TQ group above
the control group by 26%. The GST activity was significantly decreased
below the control by 69% in the TQ group and by 55% in the MSNs-TQ
group. Meanwhile, a non-significant change in the GST activity was
recorded in the MSNs group when compared to the control group. The
activity of the GST was significantly increased in the MSNs group
(25.10 ± 0.65) as compared to the TQ (7.44 ± 0.64) and MSNs-TQ
(10.80 ± 0.98) groups. Regarding the MDA levels in the striatum, they
were non-significantly alternated in the MSNs group, while, TQ group
and the MSN - TQ group showed significant increases by about 153%
and 148% above the control values. The GSH levels in the striatum were
significantly decreased in the MSNs group by 46% and also in the TQ
group by 31% below the control values. At the same time, GSH levels in
the striatum of MSNs group recorded non-significant changes relative to
the control group. It is worth to mention here, that non-significant
changes in the striatum GSH levels were detected among the MSNs, TQ
and MSNs-TQ groups.
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Fig. 3. A comparison of the levels of (A) NO, (B) GST, (C) MDA and (D) GSH in different brain areas for control, MSNs, free TQ and MSN-TQ groups. Each result
represent mean ± Standard error of mean (n= 6). Differences were considered significant for p ˂ 0.05 and labeled with *.
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In the midbrain, significant decreases in the NO levels were ob-
tained in the TQ group by 32% and in the MSNs-TQ group 64% as
compared to the control group levels. Meanwhile, the MSNs group re-
corded non-significant alterations in the NO levels in the midbrain re-
lative to the control group. The activity of GST in the midbrain was
significantly decreased in the MSNs, TQ and MSNs-TQ groups by (31%,
53% and 52%, respectively) when compared to the control group. The
GST activity recorded a significant increase in the MSNs group
(19.47 ± 0.75) as compared to the TQ (13.30 ± 2.10) and MSNs-TQ
(13.56 ± 0.83) groups. MDA levels in the midbrain were significantly
increased in the MSNs group 28% above the control, but, in the TQ and
MSNs-TQ groups, the MDA levels were significantly decreased by (14%
and 41%, respectively) below the control levels. Moreover, MDA levels
in the midbrain of the MSNs group were significantly higher
(48.21 ± 4.09) than those for the TQ (32.14 ± 0.91) and MSNs-TQ
(22.10 ± 1.37) groups. Finally, non-significant changes in the GSH
levels in the midbrain were recorded among all experimental groups.
In the hypothalamus, the NO levels showed non-significant changes

in the TQ and MSNs-TQ groups as compared to the control group.
However, NO levels were significantly increased in the MSNs group by
209% above the control levels. The GST activity in the hypothalamus
was not significantly altered in MSNs group, but, in case of the TQ and
MSNs-TQ groups, it was significantly decreased by (54% and 33%, re-
spectively) below the control group. Non-significant change was re-
corded in the MDA level in the MSNs group in comparison to the control
group. At the same time, MDA levels were significantly decreased in the
TQ and MSNs-TQ groups by 52% and 53%, respectively below the
control group. In the hypothalamus, the GSH levels showed non-sig-
nificant changes in TQ and MSNs-TQ groups, but it was significantly
increased in the MSNs group by 138% above the control levels. The
increase in the GSH levels in the hypothalamus of the MSNs
(14.95 ± 0.59) group was also significant in comparison to TQ
(5.52 ± 0.14) and MSNs-TQ (6.88 ± 0.61) groups.
For the hippocampus, the NO levels were significantly increased in

the TQ and MSNs-TQ groups by 44% and 54%, respectively above the
control. Meanwhile, non-significant change in the NO levels was de-
picted in the MSNs group as compared to the control group. The levels
of NO were significantly reduced in the MSNs group (1.38 ± 0.11) as
compared to the TQ (2.39 ± 0.11) and MSNS-TQ (2.55 ± 0.38)
groups. The hippocampal GST activity showed a significant increase in
the MSNs group by 28% and in the TQ group by 29%above the control.
In contrast, there was a significant decrease recorded in the MSNs-TQ
group 39% below the control. The decrease in the hippocampal GST
activity in the in MSNs-TQ group (9.15 ± 0.70) was also significant
compared to that of the MSNs (19.14 ± 0.69) and TQ (19.28 ± 0.69)
groups. The MDA level in the hippocampus didn't show any significant
change in the MSNs group, but, it was significantly increased by 409%
in the TQ group and by 87% in the MSNs-TQ group above the control
levels. The change in the hippocampal MDA levels in the TQ
(83.44 ± 4.54) group was significantly higher than those in the MSNs
(19.12 ± 1.55) and MSNs-TQ (30.63 ± 3.34) groups. Hippocampal
GSH levels recorded significant decreases in the MSNs group by 43%
and in the MSNs-TQ group by 39% relative to the control group.
Meanwhile, the GSH level recorded a significant increase in the TQ
group 95% as compared to the control group. The hippocampal GSH
levels in the TQ group (6.56 ± 0.51) were significantly higher than
those for the MSNs group (1.92 ± 0.33) and the MSNs-TQ group
(2.02 ± 0.42).

4. Discussion

Blood brain barrier (BBB) acts as the best gatekeeper in the body for
any exogenous materials due to the presence of the tight endothelial
barrier which prevents pharmaceuticals from penetrating the barrier
[31]. Scientists made several trials to overcome this challenge. One of
these attempts was using nanoparticles as a drug delivery system.

Previous studies reported that MSNs could cross the BBB and reach the
brain by the endocytosis mechanism or with other specific transporters
[32–34]. The mechanism by which silica nanoparticles can cross the
BBB depends on physicochemical properties such as particle size and
zeta potential [35]. So, the shape, charge and size MSNs are the key
parameters in determining their validity as brain drug delivery systems.
Transmission Electron Microscope (TEM) investigation showed that

MSNs was successfully synthesized with homogenous shape and size.
This was also confirmed by DLS measurements which revealed that the
mean hydrodynamic diameter of the MSNs-TQ was slightly larger than
the free MSNs. This increase in size might be attributed to the attach-
ment and encapsulation of TQ to the pores of the MSNs. The poly-
dispersity Index (PDI) describes the degree of uniformity and homo-
geneity of the particle size distribution. PDI values ranging from 0.1 to
0.5 point to a narrow size distribution, while a PDI higher than 0.5
indicates a broad distribution [36]. In the present study, the PDI values
of free MSNs (0.186) and MSN-TQ (0.4) both indicated a narrow and
homogenous distribution of the prepared formulations. It is well known
that the drug delivery systems must have a small PDI value in order to
enhance their pharmacokinetic parameters, (e.g. absorbance and dis-
tribution) [37].The inversion of the zeta potential charge of MSN-TQ
was probably attributed to the encapsulation of the negatively charged
TQ molecules [21]. This value of zeta potential indicated intermediate
stability of MSN-TQ. One of the proposed suggestions for a future work
is to coat the prepared formulation with a charged polymer, in order to
increase its zeta potential and hence, its stability. The loading efficiency
of TQ at MSNs was better than the other previously tested Nano-car-
riers. For example, previously reported Chitosan loading efficiency of
TQ was 63.30 ± 3.50% [21], whereas that for solid lipid nanoparticles
was 84.49 ± 3.36 [38], and the loading efficiency of Poly Dl-Lactide-
Co-Glycolide (PLGA) for TQ was found to be 62% [39]. The probable
interaction between Si of MSNs and oxygen of TQ led to slower and
controlled release of TQ from the internal pores [40]. The present in
vitro release profile of TQ from MSNs was in line with that of the re-
lease of curcumin from MSNs described in the study of Jambhrunkar
et al. [41]. Physical characterization assessments showed that the
prepared MSNs were ideal brain drug delivery and targeting systems
because of their appropriate particle size, which enabled them to stay in
the blood stream for a long time, escape from the immune system and
pass through the BBB [42].
The TQ distribution results revealed that loading TQ on MSNPs led

to a change in the map of TQ distribution throughout different regions
of the brain as it resulted in increased drug access to cortex, thalamus,
midbrain and hypothalamus. This enabled to target medications to
certain areas of the brain. This drug bio-distribution was also expected
to change with other types of drug carriers with different shapes and
sizes. This is one main recommendation for future studies based on the
results of the present work.
Lipid peroxidation is one of the major manifestations of oxidative

damage and has been found to play an important role in toxicity [43].
NO is a Neuro-modulatory agent having a role in the CNS. The phar-
macological manipulation of NO pathway may open a new treatment
approach of various neuropsychiatric disorders [44], however, it has
been shown that NO has contradictory roles in cellular systems such as
being an oxidant at high levels and antioxidant at low levels [45,46].
In rat groups administrated with MSNs and MSNs-TQ, the cortical

MDA and NO levels were significantly decreased below the control
values. It has been shown that the reduction in NO levels reduces the
production of the peroxynitite, which causes a decrease in tissue per-
oxidation and quenches the formation of the MDA [47]. GSH is a major
endogenous antioxidant having an important role in repairing DNA and
regulating a wide range of metabolic processes [48]. GST is an enzyme
belonging to the GSH mediated enzyme and defense system, helping the
sulfur atom in the GSH to connect with toxic materials [49]. In the free
MSNs, TQ and MSNs-TQ groups, there were non-significant changes in
the cortical GSH levels concomitant with a significant increase in the
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cortical GST activity as compared to the control group. This significant
increase in the cortical GST activity might be a kind of protective me-
chanism from the cortex toward a slight induced-oxidative stress due to
the entrance of any exogenous agent [49].
The medullary NO and MDA levels were also declined in the free

MSNs group, but without any significant changes in the GSH levels or
the GST activity. Fortunately, it is clear from the present data that free
MSNs enhance the antioxidant system in the medulla. The TQ group
expressed a significant increase in the cortical GST activity (as com-
pared to all the experimental groups) as a protective action to the cells
against the significant increase in the MDA levels [50]. Loading TQ in
MSNs significantly reduced the MDA levels below those obtained due to
free TQ and thus, helped in relieving the induced oxidative stress. There
was a non-significant change in the amount of free and encapsulated TQ
reaching the medulla and this was reflected in the non-significant
changes in MDA, GSH level in addition to the activity of GST in the TQ
and MSNs-TQ groups. However, the two groups showed a significant
increase in the GST and a significant decrease in the GSH as compared
to the control group. In general, GSH is an antioxidant and its function
is the detoxification of endogenous and exogenous toxic compounds by
changing their solubility, so, that the decrease in the GSH levels may be
due to its consumption in the protection of cells from the generated free
radicals [51]. Supporting this suggestion, the increase in the GST level
in the medulla may be considered as an indication of cellular stress
response to oxidative stress [52]. In the medulla, in the case of the
MSNs - TQ group, the levels of NO were significantly increased con-
comitant with significant decreases in MDA levels. Kanner et al. [53]
suggested that the increase in NO levels could prevent the generation of
lipid peroxidation by working as electron donor, quenching the pro-
duction of free radicals, and thus, decreasing MDA levels and helping
them to return to their normal values.
The levels of cerebellar GST in the MSNs group were significantly

decreased. This may be due to its consumption in overcoming the re-
sulting oxidative stress [54]. In the free TQ group there was a sig-
nificant decrease in the cerebellar GST activity with a significant in-
crease in GSH levels. The observed significant decrease in GST activity
may be due to its exhaustion in turning the GSH to an oxidized form to
affront the induced oxidative stress [55,56].
In the thalamus of rats that were injected with MSNs, the increase in

the levels of GST enzyme and GSH antioxidant was an evidence of in-
duced-oxidative stress and an attempt from the cells to be protected
against it [57]. In the thalamus of the TQ group, the reduction in GSH
levels may be due to its depletion in restoring the levels of MDA and NO
to their normal levels by cleaning up the resultant free radicals [58]. In
the thalamus, the group of MSNs-TQ showed further oxidative stress
and more damage as compared to the free TQ group. This was evident
from the higher levels of MDA and NO, in addition to elevated levels of
GST in order to defense these induced ROS. This additional oxidative
stress may be due to the increase in the amount of TQ that entered the
brain area using the MSNs as a nano-carrier. It is worth to mention here,
that the encapsulation of TQ in MSNs improved its delivery to the
thalamus, but, unfortunately, failed to protect the thalamus from the
induced-oxidative stress caused by the increase in the TQ concentra-
tion.
In the striatum, the group injected with MSNs showed a significant

decrease in the GSH level as compared to the control group, this GSH
decrease may be an indication of slight oxidative stress [48]. In the TQ
and MSNs-TQ groups, GST activity and GSH levels were decreased,
which resulted in less clearance of the lipid peroxidation and toxic al-
dehydes and as a consequence, the levels of MDA in the striatum were
increased [59]. Since the amount of TQ which reached the brain either
in the free form or in the encapsulated form was nearly the same, there
were non-significant changes in the oxidative stress parameters be-
tween the free TQ and MSNs-TQ groups.
The midbrain of the MSNs group in addition to the striatum of TQ

and MSNs-TQ groups exhibited a slight significant increase in MDA

levels above the normal level that might refer to the decrease in the
activity of GST. For the free TQ group in the midbrain, TQ acts as an
antioxidant [60], helping in reducing the levels of NO and MDA by
reducing the free radicals. It is reported that the GST activity sig-
nificantly decreased due to its action as an antioxidative stress enzyme
[47]. Moreover, in the midbarin, in the case of the MSNs - TQ group,
further antioxidant activity was shown due to the significant increase of
the amount of TQ that reached the midbrain upon its encapsulation in
MSNs. This means that the encapsulation of TQ in the MSNs increases
its antioxidant activity due to the regular release of the nanoparticles as
well as the reduction of the oxidation effect of free MSNs in the mid-
brain.
In the hypothalamus, the levels GSH and the activity of GST in the

free thymoquinone group deceased because of their consumption in the
reduction of MDA level showing antioxidative stress activity of TQ in
the brain hypothalamus. In the case of MSNs-TQ group, hypothalamus
area, there were non-significant changes in No, MDA and GSH levels as
compared to the free TQ group, however, the activity of GST was higher
meaning that its consumption was less than the free TQ group due to
less damage in the cell. The oxidative stress results of the thalamus
showed that TQ was acting as an antioxidant and that its encapsulation
helped in protecting the hypothalamus from the oxidative stress.
Although HPLC didn't detect the TQ in the hippocampus of the rat

brain, there were significant changes in the oxidative stress parameters
measured in this brain area. In the hippocampus, the group of MSNs
showed a significant decrease in the levels of GSH, which was catalyzed
by the GST enzyme to restore NO and MDA to their normal levels [55].
In the hippocampus of the TQ group, the observed activity of GST and
GSH levels were increased to protect this brain area from massive in-
creases in MDA and No [49]. It is well known that the hippocampus
area is sensitive to lipid peroxidation due to its high level of iron and
polyunsaturated fatty acids [61]. The encapsulation of TQ in MSNs
nanoparticles significantly decreased the MDA levels and thus, pro-
tecting the hippocampus from oxidative stress damage.

5. Conclusion

Here, we introduce MSNs as a smart nanoplatform that can be used
for targeting drug to certain brain areas. The prepared formulation was
characterized using different physical techniques and it was found that
its properties were suitable for drug delivery applications. The MSNs
prepared in the present study were in the range of 90 nm, spherical in
shape and had the ability to cross the BBB. Assessing the bio-distribu-
tion of TQ through different brain areas demonstrated that the brain
areas behaved differently in their uptake and response (as evaluated
through the measurement of oxidative stress parameters) to TQ upon
encapsulation in MSNs. The knowledge gained in this study would open
the door for adopting MSNs as a viable strategy for targeting drugs to
different brain areas for many therapeutic and diagnostic applications.
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