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RESEARCH ARTICLE

Intranasal delivery of sulpiride nanostructured lipid carrier to central nervous 
system; in vitro characterization and in vivo study
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ABSTRACT 
The low and erratic oral absorption of sulpiride (SUL) a dopaminergic receptor antagonist, and its P-glyco
protein efflux in the gastrointestinal tract restricted its oral route for central nervous system disorders. An 
intranasal formulation was formulated based on nanostructured lipid carrier to tackle these obstacles and 
deliver SUL directly to the brain. Sulipride-loaded nanostructured lipid carrier (SUL-NLC) was prepared 
using compritolVR 888 ATO and different types of liquid lipids and emulsifiers. SUL-NLCs were characterized 
for their particle size, charge, and encapsulation efficiency. Morphology and compatibility with other NLC 
excipients were also studied. Moreover, SUL in vitro release, nanodispersion stability, in vivo performance 
and SUL pharmacokinetics were investigated. Results delineates that SUL-NLC have a particle size ranging 
from 366.2 ± 62.1 to 640.4 ± 50.2 nm and encapsulation efficiency of 75.5 ± 1.5%. SUL showed a sustained 
release pattern over 24 h and maintained its physical stability for three months. Intranasal SUL-NLC 
showed a significantly (p< 0.01) higher SUL brain concentration than that found in plasma after oral 
administration of commercial SUL product with 4.47-fold increase in the relative bioavailability. SUL-NLCs 
as a nose to brain approach is a promising formulation for enhancing the SUL bioavailability and efficient 
management of neurological disorders.
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1. Introduction

Despite the increasing global prevalence of central nervous 
system (CNS) disorders, drug delivery to the brain remains a 
tough endeavour (Kim et al. 2019). The challenge is primarily attri
buted to the defense by physiological and anatomical barriers, 
particularly the blood brain and the blood cerebrospinal fluid bar
riers, which influence drug delivery and are considered a crucial 
hurdle in developing therapies for CNS disorders (Achar et al. 
2021; Terstappen et al. 2021; Nance et al. 2022).

Intranasal (IN) drug delivery is a compelling method for achiev
ing elevated drug concentrations in the brain (Formica et al. 
2022). Drugs’ Nose-to-Brain passage primarily occurs through the 
systemic, olfactory, and trigeminal nerve pathways (Bourganis 
et al. 2018; Deshkar et al. 2021). Furthermore, it is a non-invasive 
route with enhanced patient compliance, rapid onset of action as 
well as higher blood perfusion and targeted delivery concomitant 
with avoiding the hepatic circulation degradation (Patel et al. 
2011; Kozlovskaya et al. 2014; Bourganis et al. 2018).

Lipid nanocarriers are widely preferred materials for brain tar
geting regarding their biocompatibility, rapid uptake and lower 
toxicity (Kozlovskaya et al. 2014; Singh et al. 2016). It has been 
proven that lipid-based nanoparticles like solid lipid nanoparticles 
(SLNs) and nanostructured lipid carriers (NLCs) have shown prom
ise nanocarriers for efficient nasal delivery for many drugs (Khan 
et al. 2016; Singh et al. 2016; Rassu et al. 2017; Jicsinszky et al. 

2021). NLCs are used extensively as a promising carrier for nose- 
to-brain delivery as reported from literatures (Noorulla et al. 2022; 
Yasir et al. 2022).

NLCs emerged in the late 1990s as a promising evolution 
beyond SLNs, addressing potential challenges associated with 
SLNs. NLCs enhance stability, increase drug loading capacity, miti
gate the risk of drug expulsion during storage, and provide uni
form drug distribution and smaller particle size (Pardeike et al. 
2009; Patel et al. 2013). It has been reported that NLCs could 
improve the low oral bioavailability of carvedilol via nasal delivery. 
Authors reported that the formulated IN formulation had a signifi
cantly higher bioavailability compared with oral formulation 
(Aboud et al. 2016).

Sulpiride (SUL) is a dopaminergic receptor antagonist with 
wide therapeutic applications in the CNS for instance, schizophre
nia and major depressive disorder (Nakazato et al. 1998; Ayub 
2016; Kim et al. 2016; Mohyeldin et al. 2021). SUL has a low solu
bility and permeability exhibiting a class IV-level in the bio
pharmaceutical systems which contributed to a limited oral 
bioavailability (approximately 30%) (Parikh et al. 2010; Chitneni 
et al. 2011). Hence, higher doses of the drug are needed for 
effective therapy. Within these high doses, patients could suffer 
from side effects such as sleeping disorders, extrapyramidal and 
central nervous system side effects (Ibrahim et al. 2014). 
In addition, it was reported that SUL experiences carrier-mediated 
efflux facilitated by P-glycoprotein (P-gp) present in different 

CONTACT Hesham M. Tawfeek heshamtawfeek@aun.edu.eg Department of Industrial Pharmacy, Faculty of Pharmacy, Assiut University, Assiut 71526, Egypt 
� 2024 Informa UK Limited, trading as Taylor & Francis Group

PHARMACEUTICAL DEVELOPMENT AND TECHNOLOGY 
2024, VOL. 29, NO. 8, 841–854 
https://doi.org/10.1080/10837450.2024.2404034

http://crossmark.crossref.org/dialog/?doi=10.1080/10837450.2024.2404034&domain=pdf&date_stamp=2024-10-11
http://orcid.org/0000-0001-9789-9953
http://www.tandfonline.com


areas of GIT (Baluom et al. 2001). This phenomenon is implicated 
in the insufficient bioavailability of SUL following oral administra
tion of approximately 30% (Watanabe et al. 2002; Parikh et al. 
2010; Ibrahim et al. 2014). Moreover, it has been reported that 
SUL has an absorption window in the upper part of GIT which 
could also worsen the oral absorption (Kohri et al. 1996). Previous 
studies reported on the enhanced oral bioavailability of SUL after 
its formulation in floating microsponges (Younis et al. 2020), fast 
disintegrating tablets (Tawfeek et al. 2020), solid lipid nanopar
ticles (Ibrahim et al. 2014) and nano-lipospheres (Mohyeldin et al. 
2021). Although most of them showed enhanced bioavailability 
and potential therapeutic efficacy, however, none of those studies 
have shown the actual potential of brain targeting ability. 
Moreover, most of these delivery systems based on oral route 
which still non-convenient for a wide range of patients.

Based on the stated benefits of NLCs as an efficient drug deliv
ery system, together with the high efficacy of IN route for delivery 
of drugs to the brain could provide a promising way to overcome 
the problems associated with orally administered SUL and attain 
the required pharmacological action in CNS.

In this study, SUL-NLCs was developed to enhance the SUL 
bioavailability and for effective brain targeting through IN path
way. First, SUL-NLCs were prepared using compritolVR 888 ATO as 
the solid lipid via solvent injection method. Different types of 
liquid lipids (either oleic acid or labrafac) and different emulsifiers 
(either Pluronic F-127 (PF-127) or Tween 80 (T80)) with different 
concentrations were also investigated. SUL-NLCs size, charge and 
drug encapsulation were evaluated. In addition, SUL-NLC chosen 
formulation was examined for their morphology, and interaction 
with lipid carrier via FT-IR and DSC. SUL release performance from 
the chosen SUL-NLC formulation was investigated and SUL-NLC 
stability was evaluated at different temperatures (4.0 ± 1.0 �C) and 
(25.0 ± 2.0 �C) for 3 months. SUL pharmacokinetic (PK) parameters 
were calculated after IN delivery and compared to the orally 
administrated commercial SUL capsules (DogmatilVR ) using 
Sprague-Dawley male rats.

2. Materials and methods

2.1. Materials

Sulpiride was obtained as a gifted from Memphis Pharmaceuticals 
& Chemical Industries CO (Cairo, Egypt). CompritolVR 888 ATO and 
labrafac 

TM 

Lipophile WL 1349 were a donation from Gattefoss�ee 
(Saint-Priest Cedex, France). PoloxamerVR 407 (PluronicVR F-127) was 
obtained from BASF (Greenville, OH, USA). Oleic acid obtained 
from Alpha Chemicals Co. (Cairo, Egypt). Tween 80, acetone and 
ethanol were delivered from El-Nasr Pharmaceutical Chemicals Co. 
(Cairo, Egypt). Any other chemicals and reagents were of high 
analytical grade and used as received.

2.2. Preparation of sulpiride loaded nanostructured lipid carrier 
(SUL-NLC)

Table 1 shows the composition of the different prepared SUL- 
NLCs formulations. Basically, SUL-NLCs were prepared utilizing the 
solvent injection technique, as mentioned previously by Chen 
et al. (2012), with some modifications. First, the lipid phase was 
initially prepared by dissolving 50 mg of SUL, along with 120 mg 
of solid lipid namely; compritolVR 888 ATO, and 30 mg of liquid lipid 
(either oleic acid or labrafac) in approximately two mL of organic 
solvent mixture formed of acetone/ethanol in a ratio of (3:1 v/v) 
at a temperature of 60 �C. This is followed by direct injection of 
lipid phase into 30 ml of preheated aqueous solution of either PF- 

127 or T80 (at concentrations of 1% or 2%) as a stabilizer. The 
resulting mixture was stirred for 3 h at room temperature at a 
speed of 1000 rpm, using a magnetic stirrer to evaporate the 
organic solvent. Subsequently, the NLC dispersion was further 
sonicated for 20 min. The obtained SUL-NLC nanosuspension was 
stored in fridge for further analysis. Blank NLCs were similarly pre
pared for testing and comparison.

2.3. In vitro characterization of SUL-NLCs

2.3.1. Particle size, polydispersity index and zeta-potential 
measurements
The average hydrodynamic diameters, size distribution (polydis
persity indices, PDIs), and zeta-potential of the prepared SUL-NLCs 
nanosuspension were performed. Simply, one mg of SUL-NLC dis
persed in one ml of double distilled water was prepared then, 
measured using Zetasizer Nano at room temperature (ZS Nano 
series, Malvern Instruments, Malvern, UK) (Abdellatif et al. 2021; 
Aldosari et al. 2023). Polydispersity index indicates the nature of 
particles distribution either monodisperse and polydisperse sys
tem (Jain et al. 2014). The zeta potential was determined using 
the same instrument with 50 lL of the nanosuspension added to 
2 ml of distilled water. The measurement was performed using a 
gold-plated zeta dip probe at 25 �C (Abdulla et al. 2021). 
Measurements were performed in triplicates and the average was 
considered for data analysis.

2.3.2. Encapsulation efficiency
The indirect method (Mekkawy et al. 2022) was employed to cal
culate SUL encapsulation efficiency of the prepared SUL-NLCs. 
Briefly, the freshly prepared SUL-NLCs were subjected to centrifu
gation using centrifugal filters of type AmiconVR tube Ultra-15 (Mw 
cut-off ¼ 100 kDa) (Merk Millipore, Darmstadt, Germany), the 
speed was adjusted to 6000 rpm for 45 min. Subsequently, col
lected supernatant was analyzed using a UV–VIS spectrophotom
eter at kmax of 293 nm (Shimadzu, model UV-1601 PC, Kyoto, 
Japan). The concentration of SUL was calculated using a previ
ously determined calibration curve. Finally, SUL encapsulated 
within the NLC was calculated according to this equation:

Encapsulation Efficiency %ð Þ

¼
Total Drug Content − Drug Content in Supernatent

Total Drug Content
� 100

(1) 

2.3.3. Morphology
Selected SUL-NLC sample was visualized using the transmission 
electron microscope (TEM, JEM-1230, Joel Japan). In brief, SUL- 
NLC nanosuspension was applied to a Formvar-coated grid (300 
mesh), stained using 2% uranyl acetate aqueous solution as a 
negative stain, any remaining solution was removed by absorbing 

Table 1. Composition of the prepared SUL-NLC formulations.

No. Formulation code Liquid lipid type Surfactant type Surfactant %

1 S1 Oleic acid PF-127 1
2 S2 Oleic acid PF-127 2
3 S3 Labrafac PF-127 1
4 S4 Labrafac PF-127 2
5 S5 Oleic acid T80 1
6 S6 Oleic acid T80 2
7 S7 Labrafac T80 1
8 S8 Labrafac T80 2

Abbreviations: SUL-NLC: Sulpiride-loaded Nanostructured lipid carrier; PF-127: 
PluronicVR F-127; T80: Tween 80.
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the liquid with the tip of a piece of filter paper and left overnight 
to be dried (Abdellatif, Ibrahim, et al. 2020; Abdellatif, Tolba, et al. 
2022). Then, the sample was viewed under the microscope at 10– 
100 k magnification power using an accelerating voltage of 
100 kV.

2.3.4. Compatibility study
Compatibility study between pure SUL powder, compritolVR 888 
ATO, physical mixture of the drug and compritolVR 888 ATO, 
selected SUL-NLC and blank NLC were obtained using DSC (DSC- 
50 Shimadzu, Seisakusho Ltd., Kyoto, Japan) and FT-IR spectrom
eter (Nicolet 6700, ThermoFisher Scientific, Waltham, MA, USA) 
(Abdellatif, Aldosari, et al. 2022; Abdellatif, Alhathloul, et al. 2022). 
Briefly, Samples were added into aluminium pans and heated at a 
scanning rate of) 10 �C/min, 30–250 �C) in the presence of nitro
gen, flow rate set to 40 ml/min. DSC-T50 software 1.01 (Shimadzu, 
Japan) was used to express the results of DSC scan (Tawfeek et al. 
2020). For FT-IR, (4–5 mg, samples weight) were mixed with potas
sium bromide and then compressed into discs. The prepared sam
ples placed in a sample holder and scanned from 4000 to 
400 cm−1 to get the FT-IR spectra (Singh et al. 2016).

2.3.5. In vitro release
Diffusion technique was adapted to measure the cumulative 
release of SUL from the selected SUL-NLC formulation using the 
dialysis membrane method as previously reported (Tawfeek et al. 
2020; Halevas et al. 2021; Abdelfattah et al. 2022). Suspension of 
the selected SUL-NLC and pure SUL powder in phosphate buffer 
of pH 6.8 (equivalent to 2 mg/ml SUL) were gently added to a 
cylinder made of glass. A pre-soaked dialysis membrane (Spectra/ 
PorVR , Mw cut-off 12,000–14,000) was fitted at its lower end. This 
system was then immersed in a 25 ml phosphate buffer at 
37 ± 0.5 �C and stirred at a constant rate of 50 rpm using Wise- 
Shake digital orbital shaker (SHO-2D, DAIHAN Scientific Co., Ltd, 
Korea). Two mL samples were taken at specified interval points 
(0.5, 1, 2, 3, 4, 6, 8 and 24 h), then replaced with a fresh buffer. 
The SUL concentration of each sample was measured spectro
photometrically at kmax of 293 nm using UV–VIS spectrophotom
etry (Shimadzu, model UV-1601 PC, Kyoto, Japan). Release 
experiment were done in triplicate and the obtained data were 
stated as the mean cumulative SUL released ± SD.

2.3.6. Stability study
SUL-NLC chosen formulation was subjected to physical stability 
investigation. Experiment was performed in the fridge 
(4.0 ± 1.0 �C) and at laboratory temperature (25.0 ± 2.0 �C) for 
3 months with a visual inspection of the physical stability of the 
formulation after 1, 2 and 3 months. Visual inspection of the pre
pared nanosuspension includes any discoloration and or appear
ance of precipitate over the investigated time period. In addition, 
particle size, PDI, and particles charge were also measured 
monthly as previously mentioned (Abdellatif and Tawfeek 2016).

2.4. In vivo pharmacokinetics

2.4.1. Study design
Pharmacokinetics investigations were approved by the Ethical 
Approval Committee, Faculty of Pharmacy, Assiut University, 
Assiut, Egypt (Ref: 05-2023-009, August 2nd, 2023). Sprague- 
Dawley male rats, two to three months old, weighing 180- 
200 ± 10 g were used in the pharmacokinetic study. Rats were 
delivered from the Central Animal House of Assiut University, 
Assiut, Egypt. Rats are rested in individually ventilated cages, air 

conditioned (26–28 �C, 40–60% relative humidity), located in a 
specifically designated place in our laboratory. Rats were divided 
into the used cages, 3/cage, and kept in 12 h light/dark cycle with 
free access to food and tap water ad libitum. Rats were divided 
into two groups, one receiving IN formulation (50 mL for each nos
tril by pipette and inhaled by the rats. Rat’s nostril can accommo
date the 50 mL of the intranasal formulation as reported from 
other researchers (Chen and Hu 2023). The second group received 
commercial SUL capsules (DogmatilVR ) orally via the stomach tube 
(equivalent to 10 mg SUL/Kg (Parikhet al. 2010; Ayub 2016). Based 
on the drug encapsulation efficiency, the SUL dose is approxi
mately 2 mg SUL/rat for each group. Rats received commercial 
SUL in the form of suspended powder in water via stomach tub. 
The rats group receiving IN formulation was acclimatized with 
normal saline one week before the start of the experiment. 
Briefly, three rats from each group were sacrificed for collection of 
their blood through retro-orbital plexus and brain at time points 
of (0.5, 1, 2, 4, 6 and 24 h).

2.4.2. Plasma and brain sample preparation
The collected blood samples were centrifuged at a speed of 
4000 rpm for 15 min, at 4 �C to collect the plasma. SUL was then 
extracted from plasma using a modified extraction technique. 
Briefly, 50 lL of 0.25 lg/mL metoclopramide, which acts as 
internal standard, was added into plasma containing SUL and vor
texed. Followed by addition of three mL of ethyl acetate/dichloro
methane (5:1 v/v) and centrifuged at 4 �C, 4000 rpm for 10 min to 
perform a liquid–liquid extraction. The organic layer containing 
the dissolved SUL was evaporated under nitrogen stream for 
approximately 2 h. Subsequently, 0.2 ml of the mobile phase was 
added to dissolve the residue, and the sample was injected into 
the HPLC (Huang et al. 2002). Brain samples were first carefully 
rinsed with PBS and homogenized in ice-cold 0.2% acetic acid in 
methanol using Omni tissue master homogenizer (setting 4, 20 s) 
followed by addition of 50 lL of the internal standard. After cen
trifuging samples at 4000 rpm for 15 min, the resulting super
natant was dried under nitrogen stream at 40 �C, reconstituted 
with mobile phase (200 mL of 0.05 M phosphate buffer of pH 7.5), 
and injected into the HPLC for analysis (Mizuchi et al. 1983).

2.4.3. HPLC conditions
Plasma and brain Samples were analysed via HPLC coupled with a 
fluorescence detector. The fluorescence detection was set at 300 
and 356 nm as excitation and emission kmaxs, respectively. Briefly, 
a C-18 column (5 lm, 4.6� 150 mm, Waters, SymmetryVR ) was used 
for separation based on a reversed phase principle. Acetonitrile: 
0.01 M ammonium acetate buffer (pH 5.2) was selected as a 
mobile phase. To get more symmetric peaks, acetic acid at 15:85 
v/v ratio and 0.3% of triethylamine was added to the prepared 
mobile phase to get more symmetric peaks. Finally, the flow rate 
was adjusted to 1.0 ml/min (Giorgi et al. 2015).

Pharmacokinetic parameters, including the peak SUL concen
tration (Cmax) and its time (Tmax), area under SUL concentration– 
time curve (AUC) and the mean residence time (MRT) of the 
investigated oral SUL capsules were determined. In addition, con
centration of SUL in plasma and drug concentration–time curve 
(AUC) in brain after SUL-NLC IN administration were also calcu
lated using a non-compartmental analysis by Phoenix 64 Software 
(WinNonlin 6.4, CERTARA). The method of residual and the slope 
of the terminal linear line of the curve were used to calculate the 
absorption rate constant (Kabs) and the elimination rate constant 
(Kel.). Furthermore, the apparent half -lives of absorption and elim
ination (t1=2) were obtained via dividing 0.693 by the respective 
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rate constant. In addition, the trapezoidal method was adapted to 
calculate the (AUC0-t) and (AUMC0-t) from 0 to 24 h. The (AUC0-1

and AUMC0-1) from time zero to infinity were calculated using 
Equations (2) and (3), respectively.

AUCð0−1Þ ¼ AUCð0−tÞ þ
Ct
Kel

(2) 

AUMCð0−1Þ ¼ AUMCð0−tÞ þ
t � Ct

Kel
þ

Ct

Kel2
(3) 

where, Ct is the final concentration of SUL detected after 24 h (t) 
and Kel is the SUL elimination rate constant. AUC is the area 
under plasma concentration time profile and AUMC is the area 
under first moment curve. In addition, SUL mean residence time 
(MRT) was calculated using the following equation.

MRT ¼
AUMCð0 −1Þ
AUCð0 −1Þ

(4) 

The relative bioavailability of SUL from the SUL-NLC intranasal 
formulation was calculated via this equation:

Relative Bioavailability %ð Þ ¼
AUCð0 − aÞPlasmað ÞSUL − NLC

AUCð0 − aÞPLasmað ÞSUL Capsules

� 100%

(5) 

2.5. Statistical analysis

A GraphPad Prism 10 (San Diego, CA) was used to perform the 
statistics in this study. Data were checked for normality and 
homogeneity by Shapiro–Wilk test, expressed as mean ± SD, and 
parametric test was used for analysis, two-tailed unpaired t–test 
and one-way analysis of variance. The two-tailed unpaired t–test 
to determine the difference between two groups. In case of mul
tiple groups, a one-way analysis of variance (ANOVA) test was uti
lized followed by Dunnett’s multiple comparisons test. A 
GraphPad prism program was used for plots presentation. A value 
of p< 0.05 was considered statistically significant. All experiments 
were performed in triplicate and data were expressed as mean
s ± standard deviations.

3. Results

3.1. Preparation and characterization of SUL-NLCs

SUL-NLCs were successfully prepared using the ethanol injection 
method using the solid lipid compritolVR 888 ATO and either oleic 
acid or labrafac as liquid lipids. The effect of varying the type of 
(PF-127 or T80) and concentrations (1% or 2%) of stabilizer on the 
NLC particle size, PDI, zeta potential, and EE% were presented in 
Table 2.

3.1.1. Particle size
Different liquid lipids and stabilizers with different concentrations 
led to different particles size values. Generally, the prepared SUL- 
NLCs had a particle size ranged from 640.4 ± 50.2 to 
373.3 ± 12.8 nm as depicted in Table 2. In addition, the produced 
NPs have PDI values equal to and less than 0.5, which meaning a 
monodispersed formulation (Mudalige et al. 2019). The observed 
high PDI in some formulations could be attributed to the high 
surfactant concentration as previously reported (Pandita et al. 
2009; Duong et al. 2019). It was noticed that enhancing the con
centration of PF-127 from 1% (S1 and S3) to 2% (S2 and S4) non- 
significantly (p> 0.05) increased the produced particle size in case 
of oleic acid and with labrafac. In case of T80, there is a signifi
cant (p< 0.05) decrease in particles size with increasing the T80 
concentration from 1 to 2% using oleic acid and a non-significant 
(p> 0.05) decrease in particles size using labrafac.

3.1.2. Zeta potential
The zeta potential is a crucial factor for NPs dispersion stability 
which generally depends on the drug chemical nature as well as 
the interaction with the used lipid and surfactant. It was found 
that all the prepared SUL-NLCs have negative values of zeta 
potential as indicated in Table 2. In addition, different concentra
tions of stabilizer affect significantly the measured zeta potential 
values and produced particles with higher stability. Increasing the 
concentration of PF-127 from 1% to 2% significantly increased 
(p< 0.05) the zeta potential from −14.0 ± 0.35 mV to 
−19.9 ± 1.13 mV in case of oleic acid and from −17.6 ± 2.14 mV to 
−35.4 ± 2.25 mV in case labrafac. Similarly, increasing the concen
tration of T80 from 1% to 2% resulted in a significant increase 
(p< 0.05) in zeta potential from −24.1 ± 2.01 mV to 
−34.7 ± 0.25 mV in case of oleic acid and from −20.5 ± 1.35 mV to 
−26.1 ± 0.35 mV in case labrafac. It was also found that SUL-NLC 
formulation S4 containing labrafac, stabilized with 2% PF-127, has 
a significantly (p< 0.05) higher zeta potential than formulation S2 
containing oleic acid. On the contrary, formulation S6 containing 
oleic acid, stabilized with 2% T80, has a significantly (p< 0.05) 
higher zeta potential than that observed with formulation S8 con
taining labrafac and 2% T80.

3.1.3. Encapsulation efficiencies
The prepared SUL-NLCs showed variations in the determined EE% 
as pointed out in the Table 2. Increasing the concentration of the 
emulsifiers from 1% to 2% when used in combination with oleic 
acid significantly (p< 0.05) increase the EE% from 60.7 ± 1.8 to 
65.8 ± 1.4% in case of PF-127 and from 64.9 ± 1.5 to 75.5 ± 1.5% in 
case of T80. It was also noted that the SUL EE% decreased with a 
higher emulsifier concentration of 2% when used in combination 
with labrafac as a liquid lipid where the EE% significantly 
(p< 0.05) reduced from 45.9 ± 5.5 to 12.7 ± 3.8% in case of PF-127 

Table 2. Particle size (nm) ± SD, polydispersity, PDI ± SD, zeta potential (mV) ± SD, and encapsulation efficiency % ± SD for 
the prepared SUL-NLCs.

Formulation Particle size (nm) ± SD PDI ± SD Zeta potential (mV) ± SD EE% ± SD

S1 526.9 ± 54.8 0.538 ± 0.076 −14.0 ± 0.35 60.7 ± 1.8
S2 584.3 ± 34.7 0.489 ± 0.033 −19.9 ± 1.13 65.8 ± 1.4
S3 590.9 ± 46.9 0.524 ± 0.058 −17.6 ± 2.14 45.9 ± 5.5
S4 640.4 ± 50.2 0.424 ± 0.068 −35.4 ± 2.25 12.7 ± 3.8
S5 461.5 ± 27.1 0.464 ± 0.012 −24.1 ± 2.01 64.9 ± 1.5
S6 373.3 ± 12.8 0.396 ± 0.013 −34.7 ± 0.25 75.5 ± 1.5
S7 377.4 ± 44.4 0.466 ± 0.190 −20.5 ± 1.35 40.6 ± 2.4
S8 366.2 ± 62.1 0.414 ± 0.143 −26.1 ± 0.35 29.6 ± 3.2

Note: Average particle size as measured by dynamic light scattering. All data are presented as the mean ± SD (n¼ 3).
Abbreviations: SUL-NLC: sulpiride loaded nanostructured lipid carrier, PDI: polydispersity index; EE%: encapsulation efficiency 
percentage.
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and from 40.6 ± 2.4 to 29.6 ± 3.2% in case of T80 as depicted in 
(Table 2).

3.1.4. TEM
Figure 1 displays TEM images of the chosen SUL-NLC formulation. 
These vesicles exhibit uniform, smooth, and monodisperse spher
ical structures with a consistent size distribution. Notably, smaller 
SUL-NLC particle size was observed through TEM than that meas
ured via DLS. This difference can be attributed to slight particles 
aggregation which could be performed in aqueous NPs disper
sion, whereas TEM captures homogeneous, non-aggregated par
ticles (Elnaggar et al. 2020). This behaviour is also found with 
many researchers (Abdellatif, Aldosari, et al. 2022; Abdellatif et al. 
2023; Tawfeek et al. 2023).

3.1.5. DSC analysis
DSC analysis provides a significant value in the assessment of 
interactions between drugs, lipids and surfactants, as well as the 
behaviour of mixtures involving compritolVR 888 ATO and oleic 
acid. Figure 2 shows the thermograms of SUL powder, 
compritolVR 888 ATO, physical mixture of SUL with compritolVR 888 
ATO, blank NLC, and SUL-NLC. DSC measurement shows an endo
thermic peak of SUL at 175 �C corresponding SUL melting 
(Tawfeek et al. 2020), proving its crystalline state (Zidan et al. 
2015). Whereas, compritolVR 888 ATO shows sharp endothermic 
peaks at 72.31 �C, representing its melting points. Physical mixture 
of compritolVR 888 ATO with SUL showed both the melting endo
thermic peaks. However, an obvious reduction and a little shift in 
the compritolVR 888 ATO endothermic peak was evident in the 
respective thermogram of both blank NLC and SUL-NLC formula
tions, as compared to the peak observed for pure compritolVR 888 
ATO. SUL-NLC did not show the melting peak of SUL. In addition, 
it was found that the thermogram of blank NLC and SUL-NLC for
mulations shows a reduced and a little peak shift of 
compritolVR 888 ATO. This can be attributed to the presence of lipid 
particles within the colloidal size range and the interaction 
between solid and liquid lipids through the formulation process 
(G€on€ull€u et al. 2015).

3.1.6. FT-IR spectroscopy
FT-IR is a powerful tool for the superficial characterization of nano 
formulations. FTIR analysis was performed over the range of 
4000–400 cm−1. Free SUL, compritol, their respective physical mix
ture, Blank NLC, and the selected SUL-NLC formulation were 
investigated for any physical or chemical interactions using FT-IR 
spectroscopy as presented in Figure 3. The FT-IR spectrum of SUL 
displays its characteristic absorption bands at 3385 cm−1 (N–H), 
3211 cm−1 (–NH2), 1643 cm−1 (C¼O), and 1322 cm−1 (–SO2) 
(Mohamad et al. 2021). The primary absorption peaks of 
CompritolVR 888 ATO were detected at 3300 cm − 1 for O–H 
stretching, 2815 cm−1 for C–H stretching, and 1738 cm−1 for C¼O 
stretching (Tran et al. 2014). The FTIR spectrum of the physical 
mixture show the distinct peaks of both SUL and compritol.The 
FT-IR spectra for both the blank NLC and SUL-NLC formulations 
exhibited nearly identical profiles. The absence of characteristic 
SUL peaks in the spectrum of SUL-NLC confirmed the successful 
incorporation of SUL into the lipid matrix (Teng et al. 2019).

3.1.7. In vitro SUL release
SUL released from chosen SUL-NLC formulation is presented in 
Figure 4. Individual dispersion of free SUL was employed as a con
trol to confirm that the drug was readily released through the dia
lysis membrane and to investigate how its entrapment into NLC 
affects the release profile. SUL aqueous dispersion showed a 
cumulative SUL release of 81.7 ± 4.8% after 3 h. On the other 
hand, when SUL was encapsulated within NLC, it exhibited a sus
tained release of SUL, with a cumulative release of 41.8 ± 4.6% 
after the first 3 h. After 24 h, the percentage of drug released 
reached 64.7 ± 4.6%. It was clear that at the beginning of release 
experiment till 2 h, there is an observed initial burst effect fol
lowed by a sustained release phase.

3.1.8. Stability study
Stability study of the selected SUL-NLC was performed to ensure 
the physical stability of the prepared SUL-NLC at two different 
conditions. Visual inspection of SUL-NLC stored at the refrigerator 
and at room temperature did not show any sedimentation or 
aggregations after the stated stability storage period. A slight 

Figure 1. Representative transmission electron microscope images of the selected formulation of SUL-NLC. The scale bar represents 100 nm.
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non-significant (p> 0.05) increase in particle size and PDI were 
observed at the investigated storage conditions, compared to the 
freshly prepared SUL-NLC (Table 3). The encapsulation efficiencies 

of the samples after three months maintained approximately simi
lar results (73.32 ± 1.6% and 75.84 ± 2.5% in the refrigerator and at 
room temperature, respectively) compared to the freshly prepared 
formulation (75.5 ± 1.5%). The stability results indicated that the 
SUL-NLC formulation was stable at the investigated conditions of 
storage during the entire period of study and the ability of NLC 
to hold the drug in its nano-template structure stable for three 
months.

3.2. In vivo pharmacokinetics

Within the nasal cavity, there are some important pathways which 
help to direct the drugs to the brain, positively impacting CNS 
drug pharmacokinetic/pharmacodynamic (PK/PD) profiles (Formica 
et al. 2022). The PK parameters of SUL in plasma after IN adminis
tration of SUL-NLC formulation and oral administration of com
mercial SUL product DogmatilVR capsules are presented in Table 4. 
Their respective plasma-SUL concentration versus time curves is 
depicted in Figure 5A and B. The Cmax, AUC0-24 and bioavailability 
of IN administered SUL-NLC were significantly higher (p< 0.01) 
compared to orally administered DogmatilVR (Table 4 and Figure 
5A). IN administration increased SUL Cmax in the plasma by nearly 
7.5-fold compared to oral drug administration. In addition, IN 
delivery demonstrated a 5-fold slower clearance from the blood, 
with an increased MRT to 37 h compared to oral SUL. In addition, 
the percentage relative bioavailability increased by 4.47-fold com
pared to the oral administration of commercial SUL capsules.

Effective brain delivery of SUL was achieved after IN adminis
tration of SUL-NLC, as evidenced by comparable AUC of SUL in 
both brain tissues and plasma which also reveals accumulation in 
the brain tissue. It was found that IN formulation showed a non- 
significantly (p> 0.01) higher AUC0-24 in the brain (35178.38 ± 
353.7 ng.hr/ml) compared to that obtained in the plasma 
(33998.38 ± 490 ng.hr/ml) as depicted in Figure 5B.

4. Discussion

The blood brain barrier as a unique barrier unable many drugs to 
reach the brain within considerable quantitates to treat different 
neurological disorders (Moradi and Dashti 2022; Rauf et al. 2022). 
It was also found that most medications used for CNS disorders 
showed a minimum effect for most of their users due to the 
lower concentration reaching the effective site of action as well as 
poor absorption rates. This is why searching for effective thera
peutic strategies are necessary to address these issues. NPs have 

Figure 2. DSC thermogram of SUL powder, compritolVR 888 ATO, physical mixture of SUL with compritolVR 888 ATO, and blank NLC & SUL-NLC dried powders.

Figure 3. FT-IR spectra of SUL, compritolVR 888 ATO, their respective physical mix
ture, and blank NLC & SUL-NLC (formulation S6) dried powders.

Figure 4. Cumulative percent SUL released in PBS solution of pH 7.4 at 37 �C 
from the selected SUL-NLC in comparison to the free non-encapsulated SUL dis
persion. Data are expressed as mean ± SD (n¼ 3).
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been investigated as alternative tool for the targeted delivery of 
medications to CNS (Eleraky et al. 2020; Cunha et al. 2021). 
Furthermore, they have proven effect to cross the blood brain 
barrier, hence superior effect on neurodegenerative diseases 
(Mulvihill et al. 2020; Rahman et al. 2022). In an attempt to allevi
ate SUL problems associated with its low oral bioavailability as 
well as to direct the drug to the CNS for better action and 
decrease the high administered dose, an IN-delivery system based 
on NLC was formulated. Nasal drug delivery is an established 
alternative to other administration routes which allows the direct 
delivery of drugs to the brain (Cunha et al. 2021). NLCs as an 
advanced delivery system than the previously fabricated SLNs is 
utilized herein. It was reported that nanovehicles can improve 
drug properties, which are considered crucial for nose-to-brain 
delivery and, hence, a better performance (Feng et al. 2018). NLC 
can be used to deliver different active pharmaceutical com
pounds. They demonstrated many advantages such as higher 
encapsulation, longer stability, and improved therapeutic efficacy 
compared to other NPs such as inorganic and polymeric NPs (Din 
et al. 2017). In addition to, NLC incorporates biocompatible lipids 
and surfactants within a reasonable concentration which eventu
ally making them superior in biopharmaceutical performance (Ana 
et al. 2019). Interestingly, NLC can cross the blood brain barrier, 
their lipid content and size enable its penetration deeply into the 
brain tissues without further modification and ligand attachment 
(Tapeinos et al. 2017).

In this study, compritolVR 888 ATO was chosen as a solid lipid 
because it showed a proven pharmaceutical application in prepar
ation of NLCs. CompritolVR 888 ATO is a mixture of esters of 

behenic acid and glycerol with a wide safety profile and is used 
successfully for IN formulations based on NLCs (Parikh et al. 2010; 
Agbo et al. 2021; Zafar et al. 2022). Earlier studies illustrated how 
altering the liquid lipids can affect the physicochemical character
istics of the resulting lipid formulations (Wu et al. 2011).

Non-ionic stabilizers facilitate steric stabilization of the NLCs by 
forming a protective coating layer. This reduces the possibility of 
particles’ electrostatic repulsion, decreases the interfacial tension 
within nanoparticles, preventing their aggregation, and ultimately 
yields smaller and more stable nanoparticles (Fathi et al. 2018; da 
Rocha et al. 2020). Particle size of the produced NLCs could be 
influenced by the presence of both oleic acid and compritolVR 888 
ATO. Oleic acid when mixed with compritolVR 888 ATO can decrease 
the dispersion viscosity and eventually the nanodispersion surface 
tension. Thus, leads to the formation of uniform, smaller size, and 
smooth surface NLC particles (Jenning et al. 2000; Hu et al. 2005; 
Khan et al. 2018). Also, utilizing a more viscus liquid lipid oleic acid 
(Viscosity; 40 mPa.s at 20 �C) in comparison to labrafac (Viscosity; 
25–33 mPa.s at 20 �C) resulted in smaller particle size in case of 
using Pluronic as an emulsifier (Salimi et al. 2019). However, smaller 
particle size was observed with labrafac when T80 was used as an 
emulsifier. During the evaporation process, oil nanodroplets stability 
could be controlled via surfactant at the interface boundary 
between aqueous and organic phases. Therefore, there is a critical 
concentration of surfactant to reach the optimum particle size and 
PDI. When the concentration of emulsifiers increases, there is an ini
tial decrease in both particle size and PDI. However, once the emul
sifier concentration reaches a critical range, both particle size and 
PDI begin to increase (Duong et al. 2019).

Table 3. Characterization of the prepared SUL-NLCs stored at refrigerator (4.0 ± 0.5 �C) and room temperature (25 ± 2.0 �C).

Size (nm) PDI Zeta potential (mV)

0 month 286.6 ± 0.7 0.394 ± 0.012 −31.3 ± 0.889

1st month 287.8 ± 6.9� 287.1 ± 5.9�� 0.41 ± 0.04� 0.38 ± 0.01�� −29.8 ± 0.05� −29.2 ± 1.2��

2nd month 288.9 ± 3.5� 288.4 ± 4.3�� 0.35 ± 0.01� 0.42 ± 0.1�� −33.3 ± 4.1� −28.5 ± 1.3��

3rd month 292.0 ± 10.3� 289.0 ± 7.3�� 0.41 ± 0.1� 0.43 ± 0.01�� −30.9 ± 1.0� −28.3 ± 2.3��

�Refrigerator (4.0 ± 0.5 �C).
��Room temperature (25 ± 2.0 �C).

Table 4. Pharmacokinetic parameters of SUL in plasma after in administration of SUL-NLC and oral administration of commercial 
SUL product DogmatilV

R 

capsules.

Pharmacokinetic parameters
SUL-NLC 

IN Commercial SUL tablets p-Value

Cmax1 (ng/mL) 3953.1 ± 498.8 522.5 ± 27.4 �� <0.01
Tmax1 (h) 1.0 0.5
Cmax2 (ng/mL) – 490.0 ± 24.5 –
Tmax2 (h) – 2.0 –
Cmax3 (ng/mL) – 593.4 ± 33.8 –
Tmax3 (h) – 24.0 –
Kabs.1 (h−1) 1.386 ± 0.05 2.78 ± 0.23 � <0.05
t1/2 abs.1 (h) 0.5 ± 0.07 0.25 ± 0.09 � <0.05
Kabs.2 (h−1) – 0.693 ± 0.16 –
t1/2 abs.2 (h) – 1.0 ± 0.06 –
Kabs.3 (h−1) – 0.057 ± 0.01 –
t1/2 abs.3 (h) – 12.0 ± 0.81 –
AUC0–24 (ng.h/mL) 33998.38 ± 1150 9925 ± 365 �� <0.01
AUC0–1 (ng.h/mL) 69320.79 ± 734.5 15491.55 ± 575 �� <0.01
AUMC0–24 (ng.h2/mL) 298878.1 ± 1980 148969.1 ± 1537 �� <0.01
AUMC0–1 (ng.h2/mL) 2575073 ± 3230 334752 ± 2210 �� <0.01
MRT (h) 37.15 ± 1.99 21.60 ± 2.49 �� <0.01
Clearance 0.481 ± 0.09 2.152 ± 0.05 �� <0.01
Kel (h−1) 0.02473 ± 0.004 0.1066 ± 0.016 �� <0.01
t1/2 el (h) 28.03 ± 1.85 6.49 ± 0.43 ��<0.01
Relative bioavailability (%) 447.48 ± 29.5 –

Note: Plasma concentrations results are expressed as mean ± SD (n¼ 5). The second phase of drug absorption was used to calcu
late Kel, t1/2el, which begins after Tmax2 of 2 h for SUL commercial product. � p� 0.05 and �� p� 0.001.
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The observed increases in the particles size of SUL-NLC in the 
case of oleic acid and labrafac when the concentration of PF-127 
increased from 1% to 2% could be possibly attributed to the 
higher viscosity of the outer phase, which eventually reduce the 
diffusion rates of lipid molecules and lead to formation of bigger 
particles (Pandita et al. 2009; Jain et al. 2010; 2014). While, 
increasing the concentration of T80 from 1% to 2% showed a 
decrease in SUL-NLC particle size in case of oleic acid and labra
fac. Lowering the interfacial tension between the lipid and aque
ous phases, as the concentration of T80 increases, could be 
responsible for such result as reported by other researchers (Gref 
et al. 1995; Wu et al. 2011; Cirri et al. 2018). Generally, 
compritolVR 888 ATO produced large particles compared with other 
solid lipids like precirol. This behaviour is due to the composition 
of lipid, higher melting point, high viscosity, and a long-chain 
hydrocarbon (Jenning and Gohla 2000). However, as previously 
reported, the obtained size from formulations S6 and S8 is still 
suitable for brain targeting via the IN route (Aboud et al. 2016).

Formulations S4 and S6, S8 could be considered as stable for
mulations with zeta potential higher than 25 mV and PDI less 
than 0.5 as previously reported (Maqsood et al. 2022). It has been 
delineated from the literature that the ideal lipid based colloidal 
formulation should has a zeta potential in the range of ±25 mV 
(Agrawal et al. 2010; Khaleeq et al. 2020). In addition, these col
loidal formulations should also have a PDI value less than 0.5 to 

be considered stable (Mudalige et al. 2019). The investigated two 
stabilizers are mainly non-ionic surfactants and generally exert 
their stabilizing action through steric effect they perform when 
located at the particle/water interface, which prevents particles 
agglomeration (Friedrich et al. 2015; Khosa et al. 2018). Negative 
zeta potential of the obtained nanosystem holds immense signifi
cance in the realm of colloid science and surface chemistry of 
nanoparticles. It plays a vital role in stabilizing colloidal systems, 
preventing particle flocculation, controlling rheological properties, 
enhancing drug delivery systems, and influencing surface chemis
try (Abdellatif, Rasheed, et al. 2020; Abdellatif et al. 2021).

The water solubility of drugs has a crucial role during the 
preparation process of NLCs via the solvent injection method, 
NLCs containing SUL, being practically water insoluble drug, show 
reasonable EE% (Joshi et al. 2012; Devkar et al. 2014). 
Incorporation of liquid lipids into solid lipids disrupted the crystal
line order significantly, creating sufficient space for SUL to be 
encapsulated, depending on the solubility of the drug into the 
lipid phase (Hu et al. 2005). Liquid lipid type significantly affects 
the encapsulation efficiency of NLCs, where EE% increase in case 
of oleic acid compared to labrafac. The higher viscosity of oleic 
acid compared to labrafac could be responsible for this observa
tion which preventing the escape of the drug to the aqueous 
phase (Eleraky et al. 2020). This also agrees with previous studies 
which indicated that using oleic acid in the formulation of NLCs 
resulted in higher drug loading efficiency (Chinsriwongkul et al. 
2012). Also, the emulsifier’s type and concentration significantly 
affect the EE% of the NLCs. Increasing the concentration of the 
emulsifiers from 1% to 2% when combined with oleic acid signifi
cantly increase (p< 0.05) the EE% in case of PF-127 and T80. 
Similar result was also found with levosulipride NLC prepared 
using oleic acid and T80 as emulsifier (Maqsood et al. 2022). The 
enhanced EE % may be attributed to the surfactant’s dual role in 
improving drug solubilization inside the lipid matrix of NLCs and 
stabilizing role for the prepared particles. Hence, a higher surfac
tant concentration facilitates increased drug entrapment within 
the prepared NLCs (Pezeshki et al. 2014; Eleraky et al. 2020). 
Whereas, the observed contrary result with labrafac in case of 2% 
of PF-127 and T80 could be possibly attributed to the aforemen
tioned lower viscosity of labrafac compared to oleic acid. It has 
been also reported that higher surfactant concentration reduced 
the interfacial tension between the drug and lipid which led to 
an increase in the EE% (Azhar Shekoufeh Bahari and Hamishehkar 
2016). From the above-mentioned results, it could be concluded 
that formulation S6 is considered an optimum formulation in 
terms of lower particle size, PDI, higher zeta potential, and max
imum SUL encapsulation. This formulation was used for further 
in vitro and in vivo studies.

TEM images represent the particle size after the removal of the 
hydrated layer around the particles, leading to smaller measure
ments compared to DLS (Abdellatif, Aldosari, et al. 2022). DLS pro
vides the hydrodynamic diameter of hydrated vesicles in 
suspension, typically larger than the size of dry vesicles visualized 
through TEM (Mekkawy et al. 2022). It has been reported that 
NLC containing T80 induced crystallization that promoted self- 
assembly properties and reduced particles aggregation enable sin
gle particles to be easily visualized (Ariyaprakai et al. 2013; 
Uvanesh et al. 2016).

Compatibility of SUL with the used excipients revealed also 
their suitability for NLC formulation as well as gives idea about 
the incorporation of the drug into the lipid phase of NLC. It was 
clear from the DSC study that the thermogram of SUL-NLC did 
not show the SUL peak, thus indicates the incorporation of SUL 

Figure 5. (A) Plasma-SUL concentration versus time profiles after intranasal 
administration of SUL-NLC and oral administration of commercial SUL capsule in 
Sprague Dawley rats.; and (B) Plasma and brain SUL concentration versus time 
profiles of SUL-NLC formulation after intranasal administration to rats (n¼ 3).
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into the lipid phase, either as a molecular dispersion within the 
NLC matrix or in an amorphous state (Eleraky et al. 2020). The dis
appearance of the SUL peak also demonstrated the drug lipid 
solubilization and stability of the NLC formulation. Interaction 
between solid and liquid lipid could produce a less organized 
crystal or amorphous lipid matrix, which facilitates drug incorpor
ation into the lipid core (Tran et al. 2014). Also, from the FT-IR 
results it was clearer that the absence of characteristic SUL peaks 
in the SUL-NLC spectrum proving the successful incorporation of 
SUL into the lipid phase of NLC (Teng et al. 2019; Eleraky et al. 
2020; Abdellatif, Aldosari, et al. 2022).

Nasal drug delivery is designed to release the drugs in a sus
tained release manner (Mistry et al. 2009; Kumar et al. 2016; Rassu 
et al. 2016). Such behaviour of release obtained via nanovesicles 
slows down the absorption rate and can achieve stable and pro
longed brain exposure. Furthermore, sustained release could 
enhance the nose-to-brain absorption because drug absorption 
via the circulation is reduced and relatively more absorbable 
drugs would be delivered directly to the brain following the 
migration of the nanovehicles along the nose-to-brain pathway 
(Feng et al. 2018). The rapid release of SUL from the aqueous sus
pension depended entirely on the rate at which the drug is dis
solved (Mekkawy et al. 2022). SUL released from the NLC 
exhibited an initial burst release followed by prolonged release 
pattern over 24 h (Fathi et al. 2018; Khan et al. 2020; Eleraky et al. 
2020). The initial burst release can be attributed to the rapid 
release of drug trapped near the surface of the nanoparticles, 
where the drug is incorporated within the liquid lipid matrix 
(Fathi et al. 2018). The sustained release pattern that follows is 
due to the lipophilic nature of SUL, which is profoundly 
embedded in the core matrix of the NLC. The drug’s biphasic 
release pattern in the SUL-NLC formulation is explained by the 
drug’s partitioning among the lipid phase and aqueous phase 
through the preparation process. It has been reported that during 
the cooling phase of the preparation of NLC process the liquid 
lipid deposited readily in the outer shell of NLC leaving a small 
fraction to be included in the inner core of the solid lipid (Hu 
et al. 2006). SUL-NLC utilized compritol a s a solid lipid solidifies 
first leading to the formation of solid lipid enriched core, where 
the liquid lipid accumulates in the outer layer (Hu et al. 2006). 
During exposure to the release medium, a small fraction of the 
drug present in the liquid phase is released quickly, leading to a 
burst effect (Shah et al. 2016). The tested SUL-NLC formulation is 
physically stable at the investigated two storage conditions with
out appreciable aggregation after three months of storage. 
Inclusion of T80 to the SUL-NLC stabilize the dispersion for a long 
time as previously mentioned through steric effect (Thatipamula 
et al. 2011). Similar results were also found with Singh SK et al. 
who demonstrated an enhanced physical stability for asenapine 
(5HT2A and D2 receptor antagonist) loaded NLC for IN delivery to 
the brain when stored at room temperature (Singh et al. 2016).

Generally, non-compartmental analysis was employed to exam
ine the PK data of SUL, since oral SUL as well as IN delivery fit 
this model (Younis et al. 2020). The oral SUL formulation exhibited 
non-linear pharmacokinetics with multiple peaks in plasma con
centration due to the presence of various absorption sites in the 
GIT with different absorption rates, influenced by weak base 
nature of SUL and ionization in acidic GIT conditions which causes 
its lower absorption (Davies et al. 2010; Giorgi et al. 2013; Helmy 
2013; Tawfeek et al. 2020; Younis et al. 2020). In contrast, IN deliv
ery of SUL-NLC did not show such behaviour and demonstrated a 
more uniform PK profile, avoiding fluctuations in blood concentra
tion with oral administration.

IN formulation showed a non-significantly (p> 0.01) higher 
AUC0-24 in the brain (35178.38 ± 353.7 ng.hr/ml) compared to that 
obtained in the plasma (33998.38 ± 490 ng.hr/ml). The sustained 
SUL release from the NLC is responsible for this prolonged release 
in brain and blood. Previous results reported higher brain concen
tration of asenapine, 5HT2A receptor antagonist, compared to the 
blood after IN administration of asenapine-NLC (Singh et al. 2016). 
The enhanced permeation could be attributed to the nanocarrier’s 
constituents, including liquid lipid, T80, and the nanosized par
ticles (Kreuter 2001; Wilson et al. 2008). Moreover, the improved 
brain targeting is advantageous promising route of administration, 
where IN delivery of SUL offered several advantages, such as 
avoiding P-gp efflux in the GIT, circumventing absorption win
dows in the upper GIT, reaching effective concentration in the 
brain despite being a P-gp substrate in nasal epithelium, and 
bypassing the blood-brain barrier to target specific receptors in 
the central nervous system, making it a favourable option over 
oral delivery (Kohri et al. 1996; Baluom et al. 2001; Graff and 
Pollack 2003; Hanson and Frey 2008). Interestingly, even though 
the drug could be a substrate for a P-gp efflux in the nasal epi
thelium but the presence of T80 in the chosen formulation could 
alleviate this issue. It has been reported that SUL self-micro emul
sifying drug delivery system containing T80 can induce membrane 
perturbation and P-gp inhibition leading to enhance the SUL per
meation (Zhang et al. 2003; Shono et al. 2004). It cannot be 
neglected that this study has some limitations. As it has proven in 
our study that IN delivery of SUL could be a non-invasive alterna
tive for the delivery of SUL to the brain with a significant higher 
SUL brain concentration and bioavailability. However, pharmaco
dynamic studies are required to prove this statement. 
Histopathology study for brain tissues and immune-histochemical 
analysis could also be investigated. In addition, future study will 
take into consideration the effect of other types of lipids offering 
high solubility of SUL to enhance the amounts of drug loading 
into the NLC.

5. Conclusion

Nanostructured lipid carriers, due to their lipidic nature and nano 
sizes could be particularly efficient in delivering therapeutic 
agents to the brain via the nasal route. SUL-NLC was successfully 
formulated with reasonable drug encapsulation and size suitable 
for efficient IN delivery. Furthermore, the sustained release per
formance offered from the prepared SUL-NLC could enhance the 
nose-to-brain absorption. The prepared NLC was also stable at the 
investigated stability conditions emerging the suitability of this 
formulation. Employing a lipid carrier for the efficient encapsula
tion of this hydrophobic drug results in an increased in relative 
bioavailability by 4.47-fold compared to the oral administration of 
commercial SUL capsules. Consequently, the delivery of SUL 
through the IN route, bypassing P-gp efflux in the GIT and 
absorption windows located in the upper part of the GIT, coupled 
with the utilization of NLCs for facilitating delivery to the brain, 
emerges as a promising approach for enhancing the low bioavail
ability of SUL and managing CNS disorders.

The targeting potential could be enhanced by surface modifi
cation through utilizing charged lipids like stearylamine. In add
ition, NLC could be incorporated into a responsive gelling system 
to different triggers like ions and temperature to facilitates the 
application and residence time by overcoming the forces of 
mucociliary clearance. To conclude, NLCs is considered simple, 
safe, industrially scalable and efficient alternative for brain 
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targeting, providing a highly significance in the field of neurosci
ence and nanoformulation for efficient delivery of drugs to CNS.
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