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ABSTRACT

The present study was framed to determine the physicochemical characteristics, stability, in-vivo plasma pharmacokinetics
and bio-distribution analysis of thymoquinone encapsulated solid lipid nanoparticle (TQ-SLNs) for the brain targeted drug
delivery. Fourier transform infrared spectroscopy (FTIR) of TQ-SLNs revealed a possible chemical interaction between
the drug and the lipid molecules by showing a shift in the absorption peak of C-H in-plane bend and “oop” band C-H bend
stretch of thymoquinone in the lipid core. The thermal behavior of TQ-SLNs revealed a melting enthalpy value of
AH=131.7 J/g and attained peak at 69.5°C that found to have a greater stability and reduced lipid crystal matrices verifies
efficient drug incorporation. Further, the stability analysis of TQ-SLNs showed a stable encapsulation enhancement effect
for 6 months. In-addition, the in-vivo pharmacokinetic study showed nearly a 5-fold increase in the bioavailability of TQ-
SLNs after orally administered to the animals. Further, the drug distribution analysis of TQ-SLNs was found to accumulate

more in the brain than other organs, hence suitable for the brain targeted drug delivery.
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INTRODUCTION

Central nervous system (CNS) is the complex system in
the body consisting of the brain and spinal cord®. In recent
years, an incidence of CNS pathologies increasing
worldwide. However, the complicated physiology of the
central nervous system (CNS) have been the main limiting
factors that disables to attain the therapeutic effects upon
the target regions during the systemic administration. This
is because of the presence of blood-brain barrier (BBB)
that represents the main obstacle for CNS drug
development?2, Several strategies have been developed for
the sole purpose of an effective drug deposition to the
CNS*56, Among others, solid lipid nanoparticles (SLNs)
have been considered as a proper carrier to overcome BBB
issues’®. Solid lipid nanoparticles (SLNs) are colloidal
carrier systems that have been developed to encapsulate,
protect and deliver lipophilic functional components, such
as bioactive lipids and drugs to the CNS®10111213
Compared to traditional carriers, the SLN combines the
advantages of polymeric nanoparticles and oil/water fat
emulsions for drug delivery system, such as good
tolerability!®!1, high oral bioavailability*? and large-scale
production by high pressure homogenization®3. In addition,
solid lipid matrices have a sustained drug delivery capacity
that have been well established for many years and also the
typical lipid core helps in controlled release of drugs in the
system. Lots of data showed that, SLNs might prolong the
release of drug in-vitro for many days!*, which made it
potential to achieve long-term treatment by using solid

lipid nanoparticles as drug carriers. Further, they are found
to consider to be a safe and suitable drug carrier for oral
delivery of lipophilic drugs.

Thymoquinone is a highly bioactive compound extracted
from the oil of Nigella sativa seeds, which was found to
exhibit various pharmacological activities such as anti-
inflammatory?®, anti-oxidation®®, immunomodulatory®’,
anti-diabetic®, anti-nociceptive®®, nephroprotective?® and
neuroprotective®??, Despite of various therapeutic
applications this compound suffers from poor solubility
and high hydrophobicity leading to poor bioavailability
when administered?®. This problem was solved by
nanoparticulate encapsulating system. Earlier we have
formulated the thymoquinone encapsulated solid lipid
nanoparticles (TQ-SLNSs) and some basic characterizations
were determined?®. The developed formulations showed a
spherical shaped structure with the particle size of 172.10
+ 7.41 nm with a polydispersity index of 0.225. Similarly,
Zeta potential of TQ-SLNs was found to -45.40 £ 2.68 mV.
Further, TQ-SLNs showed an entrapment efficiency of
84.49 + 3.36% with a total drug concentration of 62.35 +
2.94% in a lipid core. An in-vitro drug release kinetics data
revealed a maximum of 86.15 + 2.76% for TQ-SLNs while
45.52 £ 3.97% for TQ-S in 72 hr, which suggests an initial
burst release followed by a controlled release of drug from
the TQ-SLNSs formulations. Then, the state of formulation
was characterized by Powder X-ray diffractometer and it
exhibited reduced crystallinity of the entrapped drug
whereas TQ alone showed an intense sharp peak and blank
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SLNs showed diffused peaks. The in-vitro cytotoxicity
analysis (MTT assay) of developed TQ-SLNSs on vero cell
culture showed a concentration dependent increase in
cytotoxic activity with ICso value of 35.5 + 10.5 pg/ml.
Henceforth, in this study the further characterization of
TQ-SLNSs using infra-red spectrum, differential scanning
calorimetry  (DSC), stability  analysis, in-vivo
pharmacokinetics and bio-distribution parameters were
conducted to resolve the targeted drug delivery system for
the neurological complications.

MATERIALS AND METHODS

Chemicals and Reagents

Thymoquinone was obtained from Sigma Aldrich. Stearic
acid, Lecithin and Sodium taurocholate were purchased
from Hi-Media chemicals. All the other chemicals used in
the present study were of analytical grade and purchased
from Merck (India) and Sisco Research Laboratories Pvt.
Ltd.

Preparation of Solid lipid nanoparticle encapsulated
Thymoquinone (TQ-SLNs)

Stearic acid at a mole fraction of 0.710 was allowed to melt
at ~75 °C, simultaneously distilled water was boiled at ~75
°C in a separate beaker. Typically, lecithin, taurocholate
and thymoquinone at a mole fraction of 0.210, 0.069 and
0.011 respectively, were added to boiling water on a
magnetic stirrer and maintained at ~75 °C. The water—
surfactant solution was then added to the melted lipid and
again allowed to equilibrate at ~75 °C. The mixture was
then homogenized at 24,000 rpm for 150 s to form the
emulsion. The obtained hot microemulsion was transferred
into an ice cold water (~2 °C), at a ratio of 1:20 (warm
microemulsion/cold water) under constant stirring
resulting in the formation of solidified lipid nanoparticles.
The final product was centrifuged at 20,000xg for 15 min,
and nanoparticle pellet was resuspended in distilled water.
The preparation was stored at 4 °C for further analysis?>.
Formulation characterization

The nanoparticles obtained were characterized in various
parameters described below.

Fourier-transform infrared (FTIR) spectroscopic study
FTIR spectroscopy measurements were carried out to
recognize the bio-groups that bound distinctively. The
spectrum was recorded for TQ-SLNs, thymoquinone (TQ),
SLNs and stearic acid using Spectrum BX infrared
spectrophotometer?. Samples were prepared in KBr disk
(2 mg sample in 200 mg KBr) with a hydrostatic press at a
force of 40 psi for 4 min. The scanning range employed
was 400-4000 cm'* at a resolution of 4 cm™.

Differential Scanning Calorimetry (DSC) analysis
Thermograms were recorded with DSC. DSC analysis was
performed in order to investigate the melting and
recrystallization behavior of TQ-SLNs, thymoquinone
(TQ), SLNs and stearic acid. For DSC measurement, 10
mg of samples was put in an open aluminium pan, and then
heated at the scanning rate of 10°C/min between 0 and
400°C temperature range under a dry nitrogen atmosphere.
Empty aluminum pans were used as standard reference
material to calibrate the temperature and energy scale of

the DSC apparatus, the entire thermal behavior was studied
under a nitrogen purge?’.

Stability studies

TQ-SLNs dispersion was stored at refrigerated
temperature (2-8°C) for 6 months under a sealed condition.
The average particle size, in-vitro drug release property
and physical characteristics were determined periodically
after 1, 3 and 6 months?®,

In-vivo pharmacokinetic studies

Male Albino rats weighing 250-300 g were obtained from
the Central Animal House, Dr. ALMPGIBMS, University
of Madras, Tamil Nadu, India. Rats were housed
separately in polypropylene cages and fed a standard pellet
diet, kept under hygienic conditions. Rats were kept on a
12 h light and dark cycles with free access to water. All
experiments and protocols described in the present study
were approved by the Institutional Animal Ethics
Committee (IAEC) of Dr. ALMPGIBMS, University of
Madras. The in-vivo pharmacokinetic studies were carried
out with 12 male Wistar rats divided randomly into 2
groups with 6 animals each. The first group was orally
administered a single dose of TQ-SLNs (20 mg/kg). To
another group, TQ suspension (20 mg/kg) (TQ dispersed
in 4% sodium carboxymethycellulose) (CMC-Na) was
administered to obtain a contrast pharmacokinetic
behavior with a conventional formulation. 1mL of blood
was withdrawn from the retro-orbital plexus under light
ether anesthesia at specified time intervals (pre-dose, 0.5,
1,2,4,6,8, 10, 12, 18, 24 h), into heparinized tubes and
immediately centrifuged at 3000 rpm for 15mins. After
centrifugation, the plasma obtained was analyzed
spectrophotometrically  for the concentration of
thymoquinone?®.

Biodistribution analysis

Healthy male Wistar rats were randomly divided into 2
groups of 11 animals each. For each group, a single dose
of the formulation TQ-SLNs and TQ suspension was
administered. After various time intervals (pre-dose, 0.5,
1, 2, 4, 6, 8, 10, 12, 18, 24 h), organs viz. brain, heart,
lungs, liver, spleen and kidneys were immediately
removed from each group and subjected to
homogenization by adding 1mL ice-cold KCI solution per
0.5 g tissue. The supernatant acquired was analyzed
spectrophotometrically for thymogquinone concentration?®,
Statistical analysis

All experiments were repeated three times and all
measurements were replicated three to five times. Means +
standard deviations were calculated using Microsoft Excel.
Statistical significance for the pharmacokinetic analysis
was assessed using a one-way analysis of variance
(ANOVA) followed by Tukey’s t test. A P<0.05 value was
considered statistically significant.

RESULTS AND DISCUSSION

Observation on FT-IR spectrum

The drug lipid interaction was studied by FT-IR
spectroscopy and depicted in Fig.1. The IR spectrum of
stearic acid (Fig. 1a) revealed the absorption bands at 2918
cmt, 2850 cm? (C-H stretch), 1700 cm™ (C=0 stretch),
1432 cm, 941 cm® (O-H bend) and 1297 cm™* (C-O
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Figure 1: (a) FTIR spectrum of Stearic acid, (b) Thymoquinone drug, (c) B-SLNs and (d) TQ-SLNs.
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stretch) (Fig. 1a). For the pure drug (Fig. 1b), IR absorption
peaks were recorded at 3445 cm™ (O-H stretch), 2971 cm-
12934 cm* (C-H stretch), 1648 cm™ (C=0 stretch), 1385
cm? (C-H methyl rock), 1249 cm™?, 1132 cm?, 1024 cm'?
(C-H in-plane bend) and 687 cm™ (“oop” band C-H bend).
The IR spectrum of blank-SLNs (B-SLNs) (Fig. 1c)
revealed the characteristic peaks of stearic acid at 2919 cm’
12850 cm'® (C-H stretch), 1704 cm™* (C=0 stretch), 1466
cm? (C-C stretch in-ring) and 1299 cm? (C-O stretch).
Further, the IR spectrum of TQ-SLNs (Fig. 1d) depicted a
characteristic absorption peak of stearic acid and
thymoquinone which ensures the interaction of the drug to
the lipid carrier. However, the intensity of the drug peaks
in TQ-SLNs especially C-H in-plane bending were shifted
to 1298 cm?, 1221 cmt, 1088 cm. Also the “oop” band
C-H bend peak of thymoquione in the IR spectrum of TQ-
SLNs were shifted to 721 cm™. A shift in the C-H in-plane
bend and “oop” band C-H bend indicating the participation
of these groups during the encapsulation process of the
drug and the lipid molecules. Hence, they signify an extent
of interaction which is proportional to the magnitude of the
shifts in the stretching frequencies®.

Thermal analysis of nanoformulation and its constituents
using DSC

DSC is an effective method to study the crystallinity of the
drug in the compounds or in the carriers by determining at
varying temperature and energy. In this study, the DSC
curves of stearic acid, blank SLNs (B-SLNs),
thymoquinone (TQ), SLN encapsulated thymoquinone
(TQ-SLNSs) were analyzed. The DSC curves of stearic acid
(Fig. 2a) and TQ (Fig. 2b) showed a sharp endothermic
peak at 73.6°C and 50.7°C respectively. The melting
enthalpy of stearic acid and TQ were found to be 215.8 J/g
and 133.3 J/g respectively. Further the melting
thermogram of TQ-SLNSs (Fig. 2d) showed a sharp peak at
69.5°C with an enthalpy of 131.7 J/g. However, the
solubility of a drug in lipid and the presence of lipid
imperfections (a space available for the incorporation of
drug into the lipid crystal lattice) are important
considerations monitoring drug loading. Here, the result of
TQ-SLNs proves a decrease in enthalpy change that
correlates the loss of crystalline nature or the space
availability for the better accommodation of the drug
molecule within the lipid crystal lattice. The decrease in
crystallinity however, should be maintained during the
SLN preparation, thus the enthalpy change and an
endothermic peak of B-SLNs was determined, which
showed an absorption peak at 68.4°C and enthalpy change
at 114.1 J/g (Fig. 2c). This decrease in crystallinity exerts
a direct influence on the drug entrapment efficiency and
the loading capacity in the lipid core. Thus the reduced
crystallinity enables the lipid core (SLNs) to encapsulate
the drug efficiently when thymoquinone is added. But an
enthalpy range of TQ-SLNSs was little higher than B-SLNs
that may be due to an encapsulation of the drug
thymoquinone in the lipid matrix. Further the change in the
melting temperature of TQ-SLNs signifies the
derangement in the crystal lattice during the incorporation
of TQ to the lipid core and preventing the expulsion of the

drug from the SLNs, once they are formulated as a
nanoparticles.

Stability analysis

The stability study of TQ-SLNs for the period of 0", 3™
and 6" month were carried out and depicted in Table 1.
The refrigerated TQ-SLNs samples has a maximum
particle size of 181.4+6.59 nm and the zeta potential of -
35.98+2.17 at 6™ month. Further, the stored TQ-SLNs also
observed to be opalescent during the period of 6 months
and the pH was found to be 7.00+£0.07. Also the stored
sample was observed for the encapsulation efficiency after
o, 3 and 6™ month, which were observed to be no
significant changes in the encapsulation state of the drug
during the period of 6 months storage. The in-vitro drug
release data of 0™, 3 and 6™ month samples revealed the
maximum of 82.57% of drug released from the stored TQ-
SLNs formulations at a period of 72 hr. However, the TQ
suspension during the storage of 6 months turned into
turbid with a pH of 8.2+0.04. Moreover the percentage of
drug encapsulation and in-vitro drug release property were
reduced during the storage period. These results indicated
that the TQ-SLN was found to have stable physical and
chemical configuration and retain their pharmaceutical
properties at a storage condition over a period of 6 months.
Plasma pharmacokinetic profile

The pharmacokinetic parameters were applied on plasma
concentration—time profiles of TQ-S and TQ-SLNs (Fig.
3), which showed nearly 5 fold increase in the
bioavailability of TQ-SLNs (AUC_. 2588.992 + 112.361
pg/ml/h) than TQ-S (AUCo—-. 489.841 + 27.752 pg/mi/h)
after oral administration to the animals and the significant
difference is P<0.05. Further, the maximum concentration
of drug present in the plasma (Cmax profile), elimination
rate constant (K.), volume of distribution (Vg), total
clearance (CL) and plasma half-life (ti2) of TQ-SLNs and
TQ-S were listed in Table 2. After the administration of
TQ-SLNs and TQ-S to the animals the concentration of
drug present in the plasma of TQ-SLNs was found to be
increased than TQ-S. Further, the values for K¢, Vqand CL
were found to be reduced upon TQ-SLNs administration
than TQ-S administration. The rate of clearance and the
volume of distribution in an animals were lowered with an
increased elimination constant of the drug in SLNs
encapsulated state. In contrast, the retention period of the
drug (half-life of TQ-SLNSs) was found to be increased in
the plasma of TQ-SLNs administered animals than TQ-S
administered animal plasma, which confirms the
formulation to circulate for longer period in the plasma and
ensures controlled drug release. However, some of the
larger particles of the TQ-SLNs were quickly broken down
by the lipases leading to enhanced release of drug in the
GIT. The rest of the particles showed characteristic
controlled release behavior®! rather than TQ-S.
Pharmacokinetic parameters are represented as mean + SD
(n=6). ?P<0.05 shows statistically significant compared to
TQ-S administered group. AUCo.. — Area under the
concentration-time curve from zero to infinity; Cmax —
Maximum concentration achieved in the blood; Tmax —
Time needed to reach maximum concentration; Ke —
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Figure 2: (a) DSC thermogram of Stearic acid, (b) Thymoquinone drug,(c) B-SLNs and (d) TQ-SLNs.
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Figure 3: Plasma pharmacokinetic profile of TQ-SLNs and TQ-S at various time periods.

Table 1: Examination of refrigerated samples (TQ-SLNs and TQ-S) for its physicochemical characteristics after a regular

intervals of time.

Stability tests ~ TQ-SLNs TQ-S

Period

(month) 0 3 6 0 3 6

Sample clarity  Opalescent Opalescent Opalescent Clear Turbid Turbid
Sediment No No No No Yes Yes
formation

pH + SD 7.00£0.05 7.03+0.02 7.00+0.07 7.05+0.06 7.54+0.13 8.2+0.04
Particle size £+ 172.1+7.41 178.2+6.73 181.4+6.59 1569+7.56 1684+13.46 1820+15.68
SE(nm)

PDI £ SE 0.225+0.05 0.274+0.06 0.312+0.03 0.753+0.12 0.813+0.26 0.896+0.33
Maximum

drug release in  86.15+2.76 84.98+3.51 82.57+2.68 45.52+3.97 36.87+4.21 32.42+3.19
72h + SE (%)

Stability tests are represented as mean + SD/SE (n=3).

Table 2: Pharmacokinetics parameters of thymoquinone
after oral administration of TQ-SLNs and TQ-S to the
animals.

Pharmacokinetic

Profiles TQ-SLNs TQ-S

AUCo., 2588.992 T 467398 =
(ug/mi/h) 112.3612 27.752

Crnax (Hg/ml) ;(2566%? * 34507 +4.201
Tmax (h) 4 4

Ke (h) 0.104 + 0.02 0.271 +0.04
vd (L) 0.074 + 0.08 0.147 + 0.12
tuz (h) 6.663 + 0.21° 2,557 + 0.08
ClLuow (Lh) 0.007+0.002  0.040 +0.011

Elimination rate constant; Vd — Volume of distribution;
t12 — Elimination half-life; CL— Total clearance.
Improved brain drug delivery

The drug deposition in various organs post oral
administration was verified over time for TQ-SLNs and
TQ-S (Fig. 4a-f). The major concentration of TQs was

accumulated significantly (P<0.05) in brain with higher
area under the concentration-time curve from zero to
infinity (AUCo_.) when it was encapsulated with SLNs
than TQ suspension. Figure. 4 depicts the comparative
graphical representation of the bio-distribution analysis of
TQ-SLNs and TQ-S in different organs. The drug
distribution ranges in various organs as follows: Brain
(AUC_. 66.921 + 2.505 pg/g/h) > Liver (AUCy21.704
+ 2.395 ug/g/h) > Kidney (AUCo... 17.441 + 1.946
pa/g/h) > Spleen (AUC_. 13.461 + 2.548 pg/g/h) > Heart
(AUCo—» 11.4 + 3.641 pg/g/h) > Lung (AUCy_.. 1.118
3.725 ug/g/h). Tissue bio-distribution proved that the TQ-
SLN formulations were found to accumulate more in the
brain and less in the reticulo-endothelial tissues due to its
size and composition. The decreased uptake of TQ-SLNs
by the liver and spleen enhances its bioavailability to non-
RES organs, especially the brain®. Similarly, influx of
drug through endocytosis or transcytosis and efflux of the
drug from the brain to the plasma were controlled by

surfactants and co-surfactants of the formulations thereby
accumulating major concentration of the drug to the
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Figure 4 (a-f): Tissue distributions of thymoquinone after an oral administration of TQ-SLNs and TQ-S at various time
periods.

brain®2, Conversely, the suspension TQ due to its
metabolic site it was found to accumulate more in the liver
rather than reaching the target organ brain. Also the
AUC_.» level of TQ-S was found to be lower in all the
organs when compared to TQ-SLNs, which infers that the
formulated solid lipid nanoparticle encapsulated
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thymoquinone (TQ-SLNs) effectively targets the drug
towards the brain.

CONCLUSION
The present study highlights the physio-chemical
characteristics, pharmacokinetic profile and tissue
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distribution properties of the formulated thymoquinone
loaded solid lipid nanoparticles (TQ-SLNs). The
observation on FTIR and DSC studies clearly demonstrate
that the drug has a stronger interaction with the lipid matrix
and the thermal behavior implies reduction in the
crystallinity signifies efficient encapsulation. TQ-SLNs
formulation was also found to be stable for 6 months with
an insignificant change in the stability parameters. Further
the pharmacokinetics and bio-distribution data revealed
that the formulation efficiently targets the brain and
delivers the drug in a controlled manner to the target organ.
Furthermore TQ-SLNs was found to have increased bio-
availability and plasma half-life than TQ suspension. Thus,
the TQ-SLNs formulation was considered as a well-
suitable preparation to treat the age related brain diseases
in a better way using an innovative tool.
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