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ABSTRACT

Solid lipid nanoparticles are an alternative carrier system used to load the drug for targeting, to improve the bioavailability
by increasing its solubility, and protecting the drug from presystemic metabolism. The present study aims at determining
the physico-chemical characteristics, stability, in-vivo plasma pharmacokinetic and bio-distribution analysis of chrysin
loaded solid lipid nanoparticles (CN-SLNs) for exploring the targeted brain delivery. FTIR spectra of CN-SLNs exhibited
a possible chemical interaction between chrysin and the polymer matrix having the shift in the absorption peaks of C-O
stretch and “oop” band C-H bend. Differential Scanning Calorimetric study of CN-SLNs showed the complete
disappearance of the characteristic peak of chrysin which reveals that the drug is molecularly dispersed into the lipid. The
stability study of CN-SLNs indicates the stability of the nanoformulations without changing its performance on storage for
6 months. Furthermore, the in-vivo pharmacokinetic study revealed that encapsulation of chrysin in solid lipid nanoparticles
increased the oral bioavailability of chrysin to 5 folds when compared with that of free chrysin. In biodistribution studies,
CN-SLNs could be detected in the evaluated organs, including liver, heart, spleen, lung, kidney and brain. Solid lipid
nanoformulation significantly raised the chrysin concentration especially in the brain which emphasizes on the blood—brain
barrier permeation. These findings thus provide further understanding for the possible therapeutic effects of CN-SLNSs in
further brain disorder related clinical research.
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INTRODUCTION confined by the inability to pass the BBB. Most of the

Brain drug delivery development remains challenging due
to the tightness of the endothelial vascular lining, called
blood-brain barrier (BBB), which represents the major
obstacle for delivery of drugs to the brain'2. Due to this
difficulty, the development of a suitable non-invasive drug
delivery system is required and hence a motivation for
improving brain targeted drug delivery is vital to treat
central nervous system disorders.

Flavonoids are plant polyphenolic compounds, which
comprise several classes including flavonols, flavanones
and flavanols. Chrysin (5,7-dihydroxyflavone) is a
flavonoid that forms the main active component of the
Indian trumpet tree (Oroxylum indicum)® and passion
flower (Passiflora incarnata) as well as in edible items such
as mushroom?, honey®. Like other flavonoids, chrysin
(CN) also exhibits various biological activities and
pharmacological ~ effects, including  antioxidant®,
neuroprotective’, anti-inflammatory?®, anti-hemolytic® and
anti-hypertension?® effects.

Although several studies has been reported that chrysin
exhibits neuroprotective effect but its efficacy is often

natural molecules were found to show compromised
physiological properties and poor pharmacokinetics'®. An
efficient strategy to overcome the poor bioavailability of
natural compounds, could be its inclusion in nanoparticles
made from solid lipids, called solid lipid nanoparticles
(SLNs). Various studies had reported that solid lipid
nanoparticles (SLNs) can improve the ability of the drug
to penetrate through the blood brain barrier and is a
promising drug targeting system for the treatment of CNS
disorders'>!3, Moreover SLNs are taken up readily by the
brain because of their lipidic nature and the bioacceptable
and biodegradable nature of SLNs makes them less toxic
as compared to polymeric nanoparticles®*. SLNs offer
unique properties such as small size, large surface area,
high drug loading, the interaction of phases at the
interfaces, and are attractive for their potential to improve
performance of pharmaceuticals, neutraceuticals and other
materials'®>. Advantages of SLNs are the use of
physiological lipids, the avoidance of organic solvents in
the preparation process, and a wide potential application
spectrum (dermal, oral and intravenous). Additionally,
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improved bioavailability, protection of sensitive drug
molecules from the environment (water, light) and
controlled and/or targeted drug release®”8 improved
stability of pharmaceuticals, feasibilities of carrying both
lipophilic and hydrophilic drugs and most lipids being
biodegradable. SLNs possess a better stability and ease of
upgradability to production scale as compared to
liposomes. This property may be very important for many
modes of targeting®®%,

In our earlier study? of characterizing chrysin loaded solid
lipid nanoparticles (CN-SLNs) showed a total drug content
of 71.10 £ 3.12% and entrapment efficiency of 86.29 +
3.42% with an average particle size of 240.0 + 4.79 nm
were prepared by hot homogenization followed by micro
emulsion technique. Zeta potential studies confirmed the
stability of the CN-SLNs preparation as indicated by the
negative charge (-40.4 + 2.54 mV) and the XRD studies
showed reduced crystallinity. The in vitro release kinetics
showed a maximum drug release of 88.80 + 3.05% for CN-
SLNs in 72 hrs, which ensures the controlled drug release
property of CN-SLNs.

Although a few attempts have been made to formulate
various drug delivery systems of chrysin-like
nanoparticles®*%24  no prominent studies have been
reported on enhancing the brain permeability of the drug.
Accordingly, this investigation aimed to formulate solid
lipid nanoparticles (SLNs) of CN for oral administration to
improve its permeation across the blood—brain barrier into
the central nervous system (CNS) and eventually, to
improve its therapeutic efficacy in various CNS disorders.

MATERIALS AND METHODS

Chemicals and Reagents

Chrysin 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
Central Drug House Pvt. Ltd. and Sisco Research
Laboratories Pvt. Ltd.

Preparation of Solid lipid nanoparticle encapsulated
Chrysin (CN-SLNs)

The SLNs preparation technique was previously published
by our group according to Frautschy SA and Cole GM
(2009) method?®, with slight modifications. Briefly, stearic
acid mole fraction 0.710, lecithin mole fraction 0.210,
taurocholate mole fraction 0.069 and CN mole fraction
0.011 were used to produce the Solid lipid nanoparticles
encapsulated CN. Stearic acid was maintained at ~75 °C to
melt completely, simultaneously distilled water was heated
up to ~75 °C in a separate beaker. Typically, surfactants
were added to distilled water on a magnetic stirrer and
allowed to equilibrate at ~75 °C. The water-surfactant
solution containing CN 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. Then the aliquot was continuously stirred near
ice cold water (~2 °C), at a ratio of 1:20 (warm
microemulsion/cold water) resulting in the formation of
solidified solid 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 in a sterile vial at 4 °C, until use.

Formulation characterization

Fourier-transform infrared (FTIR) spectroscopic study
FTIR spectroscopy measurements were used to investigate
the possible chemical interactions between chysin and the
polymer matrix. The spectrum was recorded for CN-SLNs,
CN, 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

DSC analysis of stearic acid, SLNs, CN and CN-SLNs to
evaluate any possible physical interaction. 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

CN-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

Adult male Sprague-Dawley 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) (IAEC No: 01/02/2015)
of Dr. ALMPGIBMS, University of Madras. The in-vivo
pharmacokinetic studies were carried out with 12 male
Sprague-Dawley rats divided randomly into 2 groups with
6 animals each. The first group was orally administered a
single dose of CN-SLNs (20 mg/kg). To another group,
CN suspension (20 mg/kg) (CN dispersed in 2% dimethyl
sulfoxide) 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 chrysin?.

Biodistribution analysis

Healthy male Sprague-Dawley rats were randomly divided
into 2 groups of 11 animals each. For each group, a single
dose of the formulation CN-SLNs and CN 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
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Figure 1: (a) FTIR spectrum of Stearic acid, (b) B-SLNSs, (¢) CN and (d) CN-SLNs.
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removed from each group and subjected to
homogenization by adding 1mL ice-cold KCI solution per
0.5 g tissue. The supernatant obtained was analyzed
spectrophotometrically for chrysin concentration?®.
Statistical analysis

Data represents mean + S.D. Statistical comparisons were
performed by one way analysis of variance (ANOVA)
followed by Tukey’s test. A value of P<0.05 was
considered as statistically significant.

RESULTS

FT-IR spectroscopic analysis

FT-IR spectroscopy was employed to obtain
conformational information about the lipid molecules and
it is used to investigate the interactions between lipid, drug
and other excipients. Fig.1. shows the FT-IR spectra of the
stearic acid, blank SLNs (B-SLNs), CN and CN-SLNs.
The IR spectrum of stearic acid (Fig. 1a) showed the
absorption bands of 2918.24 cm?, 2850.03 cm* (C-H
stretch), 1700.38 cm* (C=0 stretch), 1432.7 cm™, 941.66
cm? (O-H bend) and 1297.80 cm* (C-O stretch). The IR
spectrum of B-SLNs (Fig. 1b) showed the characteristic
absorption peaks of stearic acid at 2919.37 cm, 2850.88
cm? (C-H stretch), 1704.08 cm™ (C=0 stretch), 1466.56
cm! (C-C stretch in-ring), 1299.60 cm* (C-O stretch) and
939.48 cm* (C-H in-plane bend). The IR spectrum of CN
(Fig. 1c) showed the absorption bands of 2929.47 cm* (C-
H stretch), 2631.55 cm™® (O-H stretch), 1653.29 cm™,
1612.66 cm! (C-C=C symmetric stretch), 1499.80 cm*
(C-C=C asymmetric stretch), 1168.10 cm™, 1030.61 cm*
(C-O stretch), 907.77 cm?, 841.72 cm?, 807.05 cm?,
731.67 cm (“oop” band C-H bend). The IR spectrum of
CN-SLNs (Fig. 1c) recorded the characteristic absorption
bands of stearic acid and CN. The C-O stretching and
“oop” band C-H bend frequency of chrysin appears at
1168.10 cm? and 731.67 cm? respectively. After
adsorption these peaks disappears. Instead bands at
1132.24 cmt and 725.27 cm™ appears. This shows the shift
in the C-O stretch and “oop” band C-H bend which can be
interpreted as possible interaction between the drug and the
lipid carrier.

Differential scanning calorimetry (DSC)

DSC analysis was carried out in order to identify possible
interactions between the components. Fig.2. shows the
DSC thermogram of stearic acid, B-SLNs, CN and CN-
SLNs. The DSC curve for physical mixture of lipid
(Stearic acid) showed the presence of endothermic peaks
at 73.6°C with a enthalpy change at 215.8 J/g (Fig.2a).
DSC thermogram of B-SLNs (Fig.2b) exhibits an
endothermic peak at 68.4°C with an enthalpy change at
114.1 J/g. In Fig.2c CN showed a sharp endothermic peak
at 290.5°C with an enthalpy change at 151 J/g, due to its
crystalline nature. On the other hand, the thermogram of
CN-SLNs in fig.2d did not show the endothermic peak for
CN, but it shows the characteristic peak of the surfactant at
68.3°C with an enthalpy change at 134 J/g with minimum
shifting. This suggests that CN present in the
nanoformulation was not in crystalline state but in
amorphous state or molecularly dispersed structure of the
drug in lipid matrix. These results are consistent with
previous studies reported by Rahul Nair et.al.®

Stability analysis

The physical stability of CN-SLNs and CN was evaluated
for 6 months at time intervals of 0™, 3 and 6" month.
Table. 1 shows the physico-chemical characteristics of
CN-SLNs and CN. The refrigerated CN-SLNs samples has
a maximum particle size of 248.5£6.01 nm and the zeta
potential of -30.72+2.34 at 6" month. Further, the stored
CN-SLNs also observed to be opalescent during the period
of 6 months and the pH was found to 7.01+0.04. The drug
content and encapsulation efficiency were also assessed,
where the results showed no significant changes during the
storage for a period of 6 months. The in-vitro drug release
of the stored nanoformulation showed the maximum drug
release of 83.19% at a period of 72 hr. Furthermore, the
free CN during the storage of 6 months turned into turbid
with a pH of 8.31+0.12. Also, the percentage of drug
encapsulation and in-vitro drug release property were
reduced during the storage period. From the results it can
be concluded that CN-SLNs showed a stable physico-
chemical properties over a period of 6 months. Being
hydrophilic polymer SLNs acts as a coat to shield the
particle surface charge responsible to cause their

Table 1: Stability evaluation of CN-SLNs and CN for its physico-chemical characteristics.

Stability tests CN-SLNs CN

Period

(month) 0 3 6 0 3 6

Sample Opalescent Opalescent Opalescent Clear Turbid Turbid
clarity

Sediment No No No No Yes Yes
formation

pH + SD 7.00+0.03 7.02+0.06 7.01+0.04 7.07+0.06 7.47+0.08 8.31+0.12
Particle size 240.0+6.92 244.6+5.68 248.5+6.01 1358+45.13 1562+7.87 177546.08
+ SE(nm)

PDI £ SE 0.285+0.03 0.331+0.04 0.365+0.02 0.802+0.26 0.855+0.19 0.912+0.29
Maximum

drug release 88.29+3.42 85.74+2.74 83.19+3.38 41.87+4.12 37.52+3.55 32.94+4.06
in 72h + SE

(%)

Stability tests are represented as mean + SD/SE (n=3).
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Figure 2: (a) DSC thermogram of Stearic acid, (b) B-SLNs, (c) CN and (d) CN-SLNs.
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Table 2: Pharmacokinetics parameters of CN-SLNs and
CN.

Pharmacoki -\ o) N CN

netic Profiles

AUC). 2187.199 +

(ug/mi/h) 116.275 2 428.479 + 24.384
Crmax (Ug/ml)  156.856 £8.392 32.076 £ 7.98
Tmax () 4 6

Ke (h'h) 0.113 £0.05 0.397 £0.04

Vd (L) 0.079 £ 0.03 0.118 £ 0.07

ti2 (h) 6.132+0.19°2 1.745+0.16
ClLiotar (LhY)  0.009 + 0.008 0.047 £0.013

agglomeration and can easily compensate for the missing
electrostatic repulsion and stabilize the dispersion for a
longer time®L. Thus, SLNs nanoformulation contributes for
the stability of CN by its protective nature.

Plasma pharmacokinetic profile

Chrysin loaded SLNs were designed in order to improve
poor bioavailability associated with CN, a drug with
tremendous therapeutic potential. Plasma levels of CN-
SLNs after administration were compared with those
attained after administration of free CN. Negligible plasma
levels were attained after administration of free CN.
Encapsulation of CN into SLNs led to 5 fold increase in
bioavailability. The relative pharmacokinetic parameters
including area under the concentration-time curve from
zero to infinity (AUCo.), maximum concentration
achieved in the blood (Cmax), time needed to reach
maximum concentration (Tmax), elimination rate constant
(Ke), volume of distribution (\Vd), elimination half-life
(t12) and total clearance (CLota) are listed in table 2.
Pharmacokinetic parameters are represented as mean + SD
(n=6). ?P<0.05 shows statistically significant compared to
free CN 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 —

Elimination rate constant; VVd — VVolume of distribution; ty
— Elimination half-life; CL — Total clearance.
Distribution studies in brain and other tissues
Biodistribution profiles of CN-SLNs and free CN in brain,
heart, kidneys, liver, lungs, and spleen are depicted in Fig.
4. A whole biodistribution study of CN-SLNs formulations
during 24h was performed giving information about the
potentiality of SLN formulations for targeting
incorporated drugs to the brain. Results revealed
remarkable differences between CN-SLNs and CN. As
previously reported, nanoparticles could significantly
change the body distribution of the incorporated
drugs®>333435  CN distribution after administration
indicated that CN concentration increased remarkably in
brain when CN was incorporated in SLNs. The CN-SLNs
nanoformulation was distributed mainly to the brain
(AUCo_ 75.3645+1.374 pg/g/h) followed by liver
(AUCo_ 19.031142.036 pg/g/h), kidney (AUC)_«
13.4119+1.813 pg/g/h), heart (AUCy—. 11.8531+ 2.822
pa/g/h), spleen (AUC,-. 9.8603+2.938ug/g/h) and lung
(AUCy_ 2.0358+ 3.107 pg/g/h). The biodistribution
pattern strongly supports the existence of CN in intact form
within the lipid carrier which would allow the drug to cross
the BBB.

CONCLUSION

Enhancement of drug uptake into brain is a delicate task in
the treatment of several neurological disorders. In the
present study, the results were remarkably emphasized on
the high accumulation of CN-SLNs in the brain tissue
compared with other organs suggesting the targeting
potential of SLNs on BBB permeation. Therefore, SLN
was demonstrated to be a promising nano carrier for
targeting CN to the brain as it possessed with remarkable
biocompatibility, stability and efficacy than other delivery
systems. Thus, CN-SLNs with enhanced BBB permeation
can form a therapeutic armamentarium for various brain
diseases.
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