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A B S T R A C T   

Nano-structured lipid carriers containing zopiclone were prepared as a targeted drug delivery system to convey 
zopiclone directly to brain via nasal route. Nano-structured lipid carriers were constructed adopting hot 
emulsification-ultrasonication method using palmitic acid in place of the solid lipid, cod liver oil as liquid lipid, 
and poloxamer 407 as a surfactant. A three-factor three-level central composite face-centered design was used to 
optimize the formulated nano-structured lipid carriers. The independent factors were lipid amount (X1), sur
factant amount (X2), and sonication time (X3). The examined responses were entrapment efficiency (EE,Y1,%), 
particle size (PS,Y2,nm), zeta potential(mV), polydispersity index(PDI,Y3), in vitro release(Q8h,Y4,%) and 
dissolution efficiency (DE,Y5,%). The optimum formula showed high entrapment efficiency of 94.31% ± 2.44, in 
vitro drug release of 83.89% ± 1.77 with dissolution efficiency equals 88.63% ± 2.01, small particle size of 
71.27 nm ± 13.57 and low polydispersity index 0.097 ± 0.15. In vivo biodistribution in mice was evaluated by a 
radiobiological technique using radioiodinated zopiclone([131I]iodo-ZP). Results revealed the superiority of the 
intranasal route to deliver zopiclone directly to brain faster and higher brain uptake (6.9 ± 1.02%ID/g at 5 min 
post-administration). The current study confirmed that intranasal administration of nano-structured lipid carriers 
had great potential as an effective tool for targeted brain zopiclone delivery for insomnia treatment.   

1. Introduction 

Insomnia is the most common sleep disorder among the population 
with prevalence estimates extending from 5 to 50% (Mattos et al., 2021). 
It is described as difficulty in initiating or continuing sleep as well as 
poor sleep quality for at least three months (Weitzer et al., 2021). 
Chronic insomnia requires medical intervention as there is a strong 
correlation between insomnia, anxiety, and depression. Insomnia is even 
a symptom of almost all mental health disorders (Van Someren, 2021). 
Not only this, insomnia has been proven to be linked with the incidence 
of cardiovascular diseases morbidity, and mortality (Javaheri and 
Redline, 2017). Treatment mainly involves the use of hypnotics. Ben
zodiazepines were widely used for decades as very effective hypnotics 
since they were introduced, but their side effects of tolerance and 
physical dependence create the need for safer drug candidates. This led 

to the development of non-benzodiazepines or as known ‘Z-drugs’ 
(Bragg et al., 2019); that were introduced to the market in the 1990s 
(Brandt and Leong, 2017). Z-drugs have fewer side effects owing to their 
short half-live, selective drug profiles, and fewer drug-drug interactions 
(Zaami et al., 2021). Zopiclone (ZP) is a type A γ-aminobutyric acid 
(GABA) receptor agonist that increases GABA-neuronal block (Louzada 
et al., 2021b). Zopiclone can overcome the residual side effects caused 
by benzodiazepines such as difficulty in waking up, low morning con
centration, and impaired psychomotor performance (Agravat, 2018; de 
Mendonça et al., 2021; Koch-Weser et al., 1983), that is why it is 
considered as a very effective sleep aid, safe and well-tolerated in all age 
categories (Louzada et al., 2021a; Najib, 2010). 

Oral administration of ZP results in a peripheral release of the drug 
into non-targeted sites, leading to systemic side effects including dry 
mouth and bitter metallic aftertaste (Louzada et al., 2021a). 
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Furthermore, cytochrome P450 enzyme extensively metabolizes ZP in 
the liver into two main metabolites, N-desmethyl-zopiclone and N- 
oxide-zopiclone. Thirty percent of the dose is N-desmethyl-zopiclone, 
which is pharmacologically inactive (Chouinard et al., 1999; Hesse 
et al., 2003). This extensive metabolism ultimately leads to dose 
reduction in individuals over the age of 65, as well as those with renal or 
hepatic impairment (Goa and Heel, 1986; Noble et al., 1998). Thus nasal 
administration of ZP can achieve direct nose-to-brain transmission of the 
drug precluding many limitations bypassing its hepatic metabolism, 
decreasing side effects in addition to the capability of lowering the dose 
with rapid onset of action. 

Over the past decades, targeted drug delivery systems (TDDS) had 
always been an attractive area for research for better drug efficiency, 
lesser side effects, and protection from metabolic or degradation path
ways. These metabolic pathways decrease drugs bioavailability at the 
target site leading to lower therapeutic efficacy and more undesirable 
effects (Zhang et al., 2019). Away from different body organs, the brain 
is considered the most protected and shielded one by the entity of blood 
brain barrier (BBB). The BBB has numerous physical and chemical 
mechanisms to prevent different molecules either harmful toxins, 
pathogens, or even beneficial ones from reaching the brain (Agrahari 
et al., 2019; Sharma et al., 2019). Thus almost all large drug molecules 
cannot reach the brain after conventional oral or intravenous adminis
tration (Crowe et al., 2018). Only molecules with a molecular weight 
below 400–600 Da can cross BBB (Sahu et al., 2021). Herein, nano
particles elucidate to offer an ideal solution for the poor permeability of 
BBB having a very small size scale, being biocompatible and safe make it 
easily diffuse through BBB through the tight junctions between the 
endothelial cells facilitating therapeutic agents delivery to the brain 
(Moura et al., 2019; Tan et al., 2020; Teleanu et al., 2018). Other 
mechanisms involved in brain uptake include endocytosis and trans
cytosis which facilitate drug passage through the endothelial cell layer 
(Saeedi et al., 2019). 

The intranasal route proved to be an easy, convenient, and reliable 
route over conventional routes of drug delivery (oral, intravenous, … 
etc.). Intranasal route can effectively achieve direct brain drug delivery 
through different pathways mainly the olfactory nerve and trigeminal 
nerve pathways bypassing the BBB, first-pass metabolism and 
decreasing many off-target side-effects (Keller et al., 2022; Lombardo 
et al., 2021). 

NLCs (nano-structured lipid carriers) are thought to be the next 
generation of solid-lipid nanoparticles (SLNs). The main difference be
tween NLCs & SLNs is that NLCs are formed by mingling solid and liquid 
lipids (compared to solid lipids only in SLNs) with certain ratios along 
with the aqueous phase and surfactants (Mura et al., 2021). This results 
in lower perfection of the matrix and forming an amorphous structure. 
Thus allows more drug loading and better encapsulation of either hy
drophilic or hydrophobic drugs and less drug leaking from the matrix 
(Hassan et al., 2022; Shirazi et al., 2021). On the other hand, SLNs yield 
a perfect crystalline lattice providing very small space for the encapsu
lation of drug molecules (Katopodi and Detsi, 2021). NLCs are also 
biocompatible and biodegradable with low in vivo toxicity. They are 
cost-effective with higher storage stability, prolonged drug release, and 
drug targeting (Tsai et al., 2012). 

Generally, one of these radiobiological techniques could be used to 
properly evaluate in vivo biodistribution: a) Drug radiolabeling (Nour 
et al., 2016) b) Radiolabeling of the optimized formulation (Sayed et al., 
2021) c) Using a radiolabeling indicator (Abd El-Halim et al., 2020). 

Thus the objective of the existing study was to prepare ZP-loaded 
NLCs utilizing hot emulsification-ultrasonication method. The pre
pared ZP-loaded NLCs were composed of palmitic acid (PA) as a solid 
lipid, cod liver oil as a liquid lipid, and poloxamer 407 (PLX 407) as a 
surfactant. The goal was to directly deliver ZP to the brain via the nasal 
route, to minimize its systemic exposure and achieve direct nose to brain 
transfer. Optimization of ZP-loaded NLCs was done in relation to mini
mized particle size, maximized entrapment efficiency, and in vitro 

release. The optimized formula was then evaluated for morphological 
characters and ex vivo cytotoxicity. In vivo biodistribution and perfor
mance of the optimized zopiclone-loaded NLCs were assessed in vivo 
using radioiodinated zopiclone ([131I]iodo-ZP) that was used in radio 
formulation of [131I]iodo-zopiclone-loaded nano lipid carriers ([131I] 
iodo-ZP-NLCs). 

2. Material and Methods 

2.1. Materials 

Zopiclone was a kind treat from Eva pharm pharmaceutical com
pany, Egypt. Palmitic acid, stearic acid, glyceryl monostearate, Com
pritol® 888, Poloxamer 407 (PLX 407), Tween 80, polyoxyl 40, 
methanol, acetone and dialysis membrane (12,000–14,000 Mwt cut off) 
were all procured `from Sigma Aldrich St. Louis, Missouri, USA. Cod 
liver oil was purchased from Chemajet, Egypt. 131Iodine was obtained 
from radioisotope production facility (RPF), Egypt. The remainder of the 
reagents and chemicals were of analytical grade. 

2.2. Methodology 

2.2.1. Selection of solid lipid 
The choice of the solid lipid was made according to the maximum 

drug solubility (Kovačević et al., 2020). Four lipids were evaluated 
(stearic acid, palmitic acid, glyceryl monostearate, and Compritol® 
888). For screening, 0.5 g of the lipid was melted at 80 ◦C, and then, in 1 
mL of acetone, 10 mg of ZP was dissolved and added to the lipid. The 
vials were kept on a hot plate magnetic stirrer at 80 ◦C for 1 h, then the 
amount of ZP was determined spectrophotometrically (UV-1601 PC; 
Shimadzu, Kyoto, Japan)at λ max = 304 nm (Zhou et al., 2020) after 10- 
folds dilution with methanol. The lipid with the maximum drug solu
bility was chosen for further preparation of NLCs. 

2.2.2. Selection of surfactant 
Three surfactants were screened (Tween 80, PLX 407, and polyoxyl 

40). These surfactants were used at the same concentration (6% w/v) to 
prepare NLCs. The entrapment efficiency and particle size were 
measured. The surfactant with higher drug entrapment and smaller 
particle size was chosen for NLCs formulation (Shinde et al., 2022). 

2.2.3. Formulation and optimization of ZP-loaded NLCs 
A tailored three-factor three-level (33) central composite face- 

centered (CCFD) design-based upon preliminary studies- was 
employed utilizing Design-Expert®7 (Stat-Ease, Inc., Minneapolis, 
Minnesota, USA) to explore the effects of three independent variables 
which were; lipid amount (X1), surfactant amount (X2), and sonication 
time (X3) at three levels designated as (− 1, 0, +1) as shown in Table 1, 
along with their actual values. The measured responses were entrap
ment efficiency (EE, Y1, %), particle size (PS, Y2, nm), polydispersity 
index (PDI, Y3), zeta potential, in vitro release after 8 h (Q8h, Y4, %) and 

Table 1 
Variables in 33 central composite face-centered design (CCFD) for preparation of 
ZP-loaded NLCs.  

Independent variables  Levels   

− 1 0 1 
X1: Palmitic acid amount (mg) 100 250 400 
X2: Poloxamer 407 amount(mg) 100 200 300 
X3: Sonication time (sec) 10 95 180 
Responses  Desirability constraints  
Y1: Entrapment efficiency (%)  Maximize  
Y2: Particle size (nm)  Minimize  
Y3: Polydispersity index  Minimize  
Y4: In vitro release, Q8h (%)  Maximize  
Y5: Dissolution efficiency (%)  Maximize   
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dissolution efficiency (Y5, DE%). 
The composition of each of the 17 formulae is indexed in Table 2. 
The choice of the best fit model was based upon adequate precision 

ratio, determination coefficient (R2), and analysis of variance (ANOVA) 
to recognize the significance of the model and the consequences of each 
factor at P ≤ 0.05. 

Adequate precision >4, narrow gap difference between adjusted and 
predicted R2, and insignificant lack of fit propose the power of the model 
to pilot the experimental design space. 

Design-Expert®7software was used to generate 3D, contour, and 
interaction plots for each response to study the effect of each factor and 
show up the interaction between them. 

2.2.4. Preparation of ZP-loaded NLCs 
ZP-loaded NLCs were formulated by hot emulsification- 

ultrasonication method (Ali et al., 2022). In all formulations, the over
all lipid phase concentration remained constant at 10%w/v. Briefly 
certain amounts of palmitic acid and cod liver oil were heated to 70 ◦C 
(exceeding the melting point of solid lipid with 5 ◦C), then drug solution 
(5 mg/mL) in acetone was added up to the molten lipid. The mixture was 
then magnetically stirred till clear. The aqueous phase composed of 
different PLX 407 amounts dissolved in distilled water was then heated 
to an equivalent temperature of the lipid phase and added dropwise to 
the melted lipid under magnetic heating stirring (WiseStir, Daihan Sci
entific Company, Daihan, Chhattisgarh, India) at 1200 rpm for 10 min. 
The formed dispersion was then sonicated utilizing a probe-type soni
cator at 60 W (Probe Sonicator Ultrasonic Processor model VCX 750, 
Newtown, CT) while placed in an ice bath to avoid excessive heating 
caused by probe sonication. Finally, the prepared systems were kept in 
an ice bath for 15 min allowing solidification of the developed NLCs. The 
resultant formulations were preserved at 4 ◦C for further investigations. 
All formulations were prepared in triplicates to ensure reproducibility. 

2.2.5. In vitro characterization of prepared ZP-loaded NLCs 

2.2.5.1. Determination of entrapment efficiency (EE %). ZP-loaded NLCs 
suspensions were ultracentrifuged at 15,000 rpm at 4 ◦C ± 2 using an 
ultra-cooling centrifuge (Model 8880, Centurion Scientific Ltd., W. 
Sussex, UK). The supernatant was thrown away, then the separated NLCs 
were washed twice using distilled water and recentrifuged. The pre
pared NLCs were then dissolved in methanol (Al-Attas et al., 2017) by 
sonication for 5 min. Entrapped ZP amount was then determined spec
trophotometrically at λmax = 304 nm (Zhou et al., 2020) by using an 
appropriate calibration curve of pure ZP in methanol, EE% is calculated 
as follows, Eq. 1: 

EE% =
amount of entrapped ZP

total amount of ZP
× 100  

2.2.5.2. Determination of particle size, zeta potential, and polydispersity 
index. Zetasizer Nano ZS (Malvern Instruments Ltd., Worcestershire, 
UK) was used to assess particle size, zeta potential, and polydispersity 
index (PDI) at 25 ◦C and refractive index of 1.330. Samples were pre
pared by 10 times dilution using distilled water to produce a proper 
uniform dispersion with good scattering intensity (Joseph Naguib et al., 
2020). All samples were measured in triplicates to ensure 
reproducibility. 

2.2.5.3. In vitro drug release. In vitro drug release patterns were recor
ded utilizing the dialysis bag method which is the most common method 
used for in vitro drug release screening from colloidal drug carriers 
(Moreno-Bautista and Tam, 2011). A volume of NLCs corresponding to 
5 mg ZP was added in the dialysis bag, previously soaked overnight in 
phosphate buffer saline (PBS) at pH equals 6.4 (Nour et al., 2016), then 
the bag was dipped in 100 mL of PBS (pH = 6.4) containing 1% w/v 
Tween 80 to attain sink conditions placed in amber-colored glass bottles 
because of ZP light sensitivity (Terblanche et al., 2000). The bottles were 

Table 2 
The composition and the measured responses of the central composite face-centered design (CCFD) for preparation of ZP-NLCs.a,b,c   

Formulations Independent variables Responses 

Formula code Y1 Y2 Y3 Y4 Y5  

X1 X2 X3 EE (%) PS (nm) PDI * ZP (mV) Q8 h (%) DE (%) 

Factorial points 
NLC-1 100 100 10 95.90 ± 2.05 70.11 ± 20.76 0.17 ± 0.02 − 25.50 ± 2.83 92.37 ± 3.44 91.24 ± 1.36 
NLC-2 400 100 10 70.60 ± 2.97 153.88 ± 18.39 0.37 ± 0.13 − 24.75 ± 3.04 47.59 ± 3.13 79.48 ± 2.52 
NLC-3 100 300 10 98.01 ± 0.98 55.60 ± 23.28 0.07 ± 0.02 − 27.75 ± 3.39 77.53 ± 1.37 86.84 ± 3.28 
NLC-4 400 300 10 78.52 ± 4.21 120.80 ± 41.41 0.45 ± 0.28 − 29.4 ± 4.81 43.52 ± 3.85 78.26 ± 5.18 
NLC-5 100 100 180 93.50 ± 4.53 68.20 ± 27.81 0.14 ± 0.03 − 33.05 ± 4.03 78.89 ± 2.86 87.76 ± 2.77 
NLC-6 400 100 180 65.12 ± 4.81 122.30 ± 12.88 0.42 ± 0.11 − 32.20 ± 4.53 51.51 ± 4.65 77.37 ± 1.12 
NLC-7 100 300 180 92.00 ± 3.54 53.20 ± 14.24 0.13 ± 0.03 − 32.80 ± 5.66 76.87 ± 3.80 85.96 ± 2.01 
NLC-8 400 300 180 76.66 ± 4.40 104.51 ± 41.23 0.40 ± 0.12 − 34.10 ± 4.86 44.21 ± 1.40 79.36 ± 2.12 
Axial points          
NLC-9 100 200 95 97.32 ± 1.16 59.24 ± 23.88 0.01 ± 0.01 − 29.70 ± 5.57 63.18 ± 1.87 84.97 ± 0.33 
NLC-10 400 200 95 75.60 ± 3.11 120.00 ± 17.07 0.43 ± 0.05 − 31.50 ± 2.83 34.94 ± 4.17 74.63 ± 2.64 
NLC-11 250 100 95 90.93 ± 6.24 94.84 ± 13.34 0.29 ± 0.14 − 32.50 ± 3.61 34.33 ± 3.07 73.99 ± 0.98 
NLC-12 250 300 95 92.20 ± 3.82 84.60 ± 44.38 0.18 ± 0.03 − 33.51 ± 4.81 39.90 ± 0.42 76.26 ± 3.51 
NLC-13 250 200 10 91.17 ± 4.50 91.80 ± 32.69 0.29 ± 0.23 − 26.70 ± 3.11 42.92 ± 2.80 76.36 ± 3.03 
NLC-14 250 200 180 93.65 ± 4.31 82.11 ± 33.01 0.27 ± 0.13 − 33.40 ± 4.10 46.04 ± 2.06 77.30 ± 1.27 
Center points 
NLC-15 250 200 95 92.63 ± 2.87 86.10 ± 13.39 0.09 ± 0.03 − 32.55 ± 4.31 39.49 ± 2.67 76.08 ± 1.58 
NLC-16 250 200 95 92.00 ± 4.95 86.10 ± 24.74 0.09 ± 0.03 − 33.55 ± 5.66 39.49 ± 2.39 75.95 ± 2.83 
NLC-17 250 200 95 93.00 ± 4.95 84.33 ± 20.10 0.32 ± 0.14 − 33.05 ± 3.61 47.60 ± 3.96 77.37 ± 1.12 
NLC-OP 100 116.56 10 2.44 ± 94.31 13.57 ± 71.76 0.097 ± 0.15 − 25.71 ± 2.69 83.89 ± 1.77 88.63 ± 2.01 

X1: Palmitic acid amount (mg). 
X2: Poloxamer 407 amount (mg). 
X3: Sonication time (sec). 

a All formulae are prepared by using 25 mg zopiclone. 
b All data are presented as mean ± SD; n = 3. 
c Fixed amount of cod liver oil (liquid lipid) is added in all formulae. 
* ZP: Zeta potential. 
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then positioned in a thermostatically controlled shaker (Unimax, IKA, 
Germany) at 100 rpm at a temperature equal to 37 ± 0.2 ◦C. At pre
defined time intervals, three mLs of the release medium were withdrawn 
(0.5, 1, 2, 4, 6, 8 h). To keep sink conditions, a fresh release medium is 
immediately added to replace the withdrawn sample. Samples were then 
analyzed for ZP content spectrophotometrically at λmax = 304 nm. ZP 
solution underwent the same procedure to check if the dialysis mem
brane had any effect on the retardation of drug passage through the 
utilized dialysis bag. Drug dissolution efficiency (DE%) was also calcu
lated, where DE% was the area under the release curve designated as the 
% of the area of the rectangle representing 100% release at the exact 
time point. The following equation was employed in calculating DE% 
(Khan and CT, 1972; Nour et al., 2016), Eq. 2: 

DE% =

∫ f

0
y.

dt
y100t × 100  

where the integral symbolizes the area under the release curve to time t, 
and y100 is the rectangle area expressing 100% release at the same time. 

The data from drug release profiles data were tailored to zero, first 
and Higuchi diffusion models. The model with the highest R2 reflects the 
adopted release mechanism. 

2.2.5.4. Desirability and optimization. Optimization of the composition 
of the prepared ZP-loaded NLCs was set by applying numerical optimi
zation and desirability function. The goal was to create NLCs with 
maximized EE%, in vitro drug release percentage, and DE% and mini
mized PS and PDI. Desirability function is a tool to determine the opti
mum measure for independent variables by first, evaluating the 
desirability index for each response, and then merging all response 
variables into a single desirability function ranging from 0 to 1 to 
describe the superior values of the independent parameters. (Mani and 
Ebrahimi, 2022; Naguib et al., 2020). 

2.2.6. Characterization of the optimized ZP-loaded NLCs 

2.2.6.1. Morphological visualization. The shape, uniformity, and degree 
of aggregation were imaged by transmission electron microscope (TEM) 
(JEM-1230, Jeol, Tokyo, Japan). The optimized formula (NLC-OP) was 
diluted with distilled water then 5 μL was put on carbon-coated 400- 
mesh copper grids. The grid was then treated with a drop of filtered 
2% phosphotungistic acid (PTA stain), pH 7, and left to stain for 30–60 s 
and then examined under TEM (Medina-Montano et al., 2022). 

2.2.6.2. Fourier transform infrared (FT-IR) spectroscopy. Bruker FTIR 
spectrometer (Model 22; Bruker, Coventry, UK) was utilized to study any 
possible interactions between ZP and components used in the formula
tion. Samples of ZP, palmitic acid, cod liver oil, PLX 407, and lyophilized 
optimized NLCs (NLC-OP) formula(NLC-OP was frozen and then 
lyophilized at − 45 ◦C under 7 × 10− 2 mbar pressure utilizing a lyoph
ilizer; Novalyphe-NL 500, Savant Instruments, Holbrook, NY) were 
mixed with KBr pellets and was studied in transmission mode with wave 
numbers ranging from 4000 to 400 cm1. 

2.2.6.3. Ex vivo cytotoxicity assessment. To reveal any cytotoxic effect of 
the optimized ZP-loaded NLCs (NLC-OP) as any sign of alteration or 
pathological damage to the nasal mucosa, an ex vivo cytotoxicity study 
was conducted. Isolated sheep nasal mucosa is believed to have a 
morphology and histology almost identical to human nasal mucosa 
(Shaghlil et al., 2022). Thus, a 2-year-old sheep’s head was obtained 
from a nearby slaughterhouse. (Cairo, Egypt). After creating a longitu
dinal excision in the lateral walls of the nose away from the septum to 
expose the nasal cavity, the nasal mucosa from the anterior and poste
rior sections was meticulously isolated from the sheep (Gerber et al., 
2022). Immediately after isolation the nasal mucosa was washed to 
remove any adhesive or connective tissues (Gadhave et al., 2021), then 

immersed in ice-cold PBS pH 6.4 (Nagaraja et al., 2021). Fragments from 
both anterior and posterior divisions of the nasal mucosa were obtained. 
After that, each fragment was divided into three pieces. At random, 
segments were allocated into three groups. Group I was treated with PBS 
pH 6.4 (negative control) (Mahajan and Patil, 2021), Group II was 
treated with isopropyl alcohol (positive control) (Kumbhar et al., 2021), 
and Group III was treated with the optimized NLC-OP formula. Each 
group was exposed to the same volumes (2 mL) of the treatments. 
Fragments were left in the treatments for 2 h. Subsequently, they were 
rinsed with distilled water and stored in a saline solution containing 
formalin at 10% concentration (Verekar et al., 2020). 

After clearing in xylene, the samples were embedded in paraffin in a 
hot oven at 56 ◦C for 24 h. Prepared paraffin blocks were eventually cut 
by the means of a sledge microtome into 4 μm thickness units. The ob
tained slices were placed on a glass slide, deparaffinized, tinted with 
hematoxylin and eosin (H&E), and examined under a light microscope 
(National model 138, China) (El-Dahmy et al., 2021; Naguib et al., 
2020). 

2.2.7. In vivo biodistribution of the optimized formula 
Biodistribution in mice was evaluated by one of the radiobiological 

techniques using radioiodinated ZP in different formulations. 

2.2.7.1. Formulation of radioiodinated ZP. Formulation of [131I]iodo-ZP 
was carried out by studying many parameters which are Chloramine-T 
(CAT) concentration, ZP concentration, pH value, and reaction time. 
ZP and CAT were freshly prepared in a concentration of 5 mg/mL using 
acetone as a solvent. Then, predetermined volumes from ZP solutions 
containing different amounts (0.125–4 mg) of ZP were placed in dark 
stoppered reaction glass vials. Secondly, definite volumes of CAT with 
amounts (50–500 μg) were added to ZP glass vials. Subsequently, [131I] 
NaI was added. Lastly, the pH was set to the desired value and the re
action volume was finalized to 1 mL. After certain reaction times, the 
reaction was terminated using 5 μL of sodium thiosulfate (190 mM) 
(Ibrahim et al., 2018). The reaction was monitored via a chromato
graphic technique using chloroform: methanol (9:1) as a mobile phase 
and the radiolabeling efficiency % (RE%) was also determined by the 
same technique, where the iodinated compound migrates at Rf = 0.7 to 
1.00 while the free iodide remains at the origin at Rf = 0.00. 

2.2.7.2. Radio formulation of [131I]iodo-ZP-NLCs. [131I]iodo-ZP-NLCs 
were prepared by the same procedure mentioned before but using [131I] 
iodo-ZP instead of ZP and the final dispersion was sonicated at the same 
temperature of 70 ◦C using a bath sonicator for 5 min. Finally, it was 
mixed by magnetic stirrer in an ice bath at 300 rpm for 15 min allowing 
solidification of nanoparticles. The radiolabeling efficiency % of [131I] 
iodo-ZP-NLCs was reassessed by chromatographic technique to confirm 
the in vitro stability of formulated [131I]iodo-ZP-NLCs. 

2.2.7.3. Animal study. The protocol of animal experimentation was 
consulted and approved by the Research Ethics Committee of Faculty of 
Pharmacy, Cairo University, Egypt (REC-FOPCU) with a reference 
number of PI (2351). Procedures for biological investigations followed 
the criteria established by the Egyptian Atomic Energy Authority 
(EAEA) Committee, Cairo, Egypt (no. 216/2022). 

A biodistribution study of optimized [131I]iodo-ZP-NLCs was used to 
assess the in vivo behavior of the optimized ZP-loaded NLCs (NLC-OP) in 
fifty-four male Swiss albino mice weighing 20–25 g. On the day of the 
experiment, mice were divided into three groups of 18 mice each. 
(Fahmy et al., 2018). 

The preparations administration was as follows: 
Group I: intranasal (IN) [131I]iodo-ZP drug solution (DS) 
Group II: intranasal (IN) [131I]iodo-ZP-NLCs 
Group III: intravenous (IV) [131I]iodo-ZP-NLCs via mice tail vein 
Every mouse was administrated a volume containing ZP dose 
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corresponding to 7.5 μg/g body weight and 30 MBq of radioactivity. 
Intranasal (IN) administration was done into the nostrils of each mouse 
with the aid of a Hamilton syringe coupled to a 0.1 mm internal diam
eter polyethylene tubing at the delivery point (El-Setouhy et al., 2016). 
Throughout the administration, animals were gently positioned from the 
back in an inclined position to permit them to breathe the solution. 

At predetermined time intervals (5 min, 0.25, 0.5, 1, 2, and 4 h post- 
delivery) (Fahmy et al., 2018), three mice were sacrificed from each 
group. 

The blood samples were withdrawn by cardiac puncture, other or
gans including the brain were separated and cleaned of any sticky tissue 
or fluid, washed using normal saline, weighed, and their radioactivity 
due to ([131I]iodo-ZP) uptake was measured utilizing a NaI (Tl) γ-ray 
scintillation counter. Since it was very difficult to isolate all bones, 
muscles, and blood of mice, they were considered to be 10, 40, and 7% of 
the total body weight. (Motaleb et al., 2011; Shamsel-Din and Ibrahim, 
2017), respectively. The sample of muscles, bones, and blood is weighed 
and the total weight of each of them is calculated. The percentage of the 
injected dose per gram (tissue, fluids, or organ) (% ID/g) at the pre
determined periods in a group comprising three mice was calculated by 
using the equation below (Sakr et al., 2017), Eq. 3: 

%ID
/

g =
Activity of tissue or fluid or organ X 100

Total injected activity X Weight of tissue or fluid or organ 

For each mouse, the pharmacokinetic parameters of all ZP formu
lations were defined, encompassing maximal [131I]iodo-ZP uptake (% 
ID/g) (blood or brain), Cmax, as well as Tmax. Kinetica-2000 software 
has been used to determine the area under the concentration-time 
graphs from zero to four hours (AUC0–4 h%ID/g) and from zero to 
infinity 

(AUC0-∞ h%ID/g) (Innaphase, Philadelphia, PA, USA). 
Relative bioavailability for intranasal NLCs created with [131I]iodo- 

ZP versus [131I]iodo-ZP solution was estimated by implementing the next 
equation (Serralheiro et al., 2014), Eq. 4: 

Relative bioavailability% =
(AUCNLCs0− ∞)IN

(AUCsolution0− ∞)IN
× 100 

Drug targeting efficiency (DTE) (Zhao et al., 2007), drug targeting 
index (DTI) (Abo El-Enin et al., 2022), and direct transport percentage 
(DTP) may all be used to describe NLC-OP capability to target the brain 
following intranasal delivery (Sayyed et al., 2022). DTE% is the aver
aged distribution ratio of the medication amidst brain and blood, and it 
is determined using the equation below. Eq. 5: 

DTE% =
AUCbrain IN

AUCblood IN
× 100 

DTI values were got from the following equation, Eq. 6: 

DTI =
(AUCbrain/AUCblood)IN

(AUCbrain/AUCblood)IV 

Here AUCbrain reflects the area under the concentration vs time plot 
from zero to four hours for ZP in brain and AUCblood represents the area 
under the concentration vs time graph from zero to four hours corre
sponding to ZP in blood. 

The following equation is used to calculate DTP%, which represents 
the proportion of medication directly delivered to the brain via the ol
factory and trigeminal routes, Eq. 7: 

DTP% =
BIN − BX

BIN
× 100 

Whereas BIN is the entire brain AUC0–4 after intranasal administra
tion and Bx is a portion of the systemic circulation’s brain AUC0–4 upon 
intranasal administration, it was determined as stated by the following 
equation, Eq. 8: 

BX =
BIV

PIV
×PIN 

Where B IV is the brain AUC0–4 succeeding intravenous administra
tion, P IV is the blood AUC0–4 after intravenous administration and P IN is 
the blood AUC0–4 following intranasal administration. 

3. Results and discussion 

3.1. Preliminary trials 

3.1.1. Selection of solid lipid 
To find out if there was a significant difference between the solubility 

of ZP in different lipids, a one-way analysis of variance (ANOVA) was 
used. Higher significant solubility of ZP was found in PA (88 mg% ±5.6) 
with a p value equal to 0.0001 (Fig. 1). Therefore PA was chosen for 
NLCs formulation. Besides, PA has a melting point of ̴ 63◦C which is 
suitable for NLCs formulation to ensure that it will remain in a solid state 
in the body and at room temperature. 

3.1.2. Selection of surfactant 
Three surfactants namely Tween 80, PLX 407, and polyoxyl 40 -all 

with HLB value >12 which is better for stabilizing o/w emulsions- were 
selected for screening. Poloxamer 407 had the lowest PS of 111 ± 6.9 
nm (p = 0.0001) and the highest EE% of 78.29% ±2.7 at a p value of 
0.0034 (Fig. 2), therefore it was nominated for further NLCs preparation 
after testing of significance by one-way ANOVA. 

3.2. Characterization of the developed ZP-loaded NLCs 

3.2.1. Effect of independent factors on EE% 
Table 2 displays the EE% of ZP in all ZP-loaded NLCs. THE EE% of all 

formulae ranged from 65.12% ± 4.81 (NLC-6) to 98.01% ± 0.98 (NLC- 
3). The model was significant (p < 0.0001) in an ANOVA test for the 
influence of independent factors on the EE% of ZP-NLCs predicated on a 
quadratic model with an adequate precision of 24.268, also adjusted R2 

(0.9723) came to an acceptable accord with the predicted R2 (0.8907) 
Table 3. The lack of fit was insignificant (p > 0.05) denoting the preci
sion of statistical outcomes. ANOVA analysis showed that factors X1 and 
X3 had a negative significant effect whereas factor X2 had a positive 
effect as represented in the final equation by means of coded factors as 
follows: 

Fig. 1. The solubility of Zopiclone in different solid lipids.  
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EE% = 92.23 − 11.02X1 + 2.13X2 − 1.33X3 + 2.36 X1X2 − 7.09X2
1 

Considering factor X1; PA amount, increasing solid lipid amount was 
accompanied with a decrease in the EE% (Fig. 3A). As mentioned earlier 
the main goal of the production of NLCs as the second generation of SLNs 
is to increase drug loading and encapsulation by the addition of a liquid 
lipid which creates less ordered crystal lattice resulting in more voids 
and deformations which accommodate a higher percentage of the drug 
(Apostolou et al., 2021). Thus increasing solid lipid amount in NLCs will 
subsequently decrease EE%. This is harmonious with the results gener
ated by Makoni et al. (Makoni et al., 2019) when comparing the EE% of 
both Efavirenz-loaded SLNs and NLCs where the prepared NLCs resulted 
in higher EE %. Also, hydrochlorothiazide-loaded NLCs prepared by 
Mura et al. (Mura et al., 2021) showed higher EE% than the corre
sponding SLNs. The same effect was reported by Dolatabadi et al. 
(Dolatabadi et al., 2021). 

Fig. 2. Entrapment efficiency and particle size obtained using different 
surfactants. 

Table 3 
Regression analysis of the observed responses according to the best fitting model.  

Response Model R2 Adjusted R2 Predicted R2 Adequate precision Significant terms 

Y1: EE(%) Quadratic 0.9879 0.9723 0.8907 24.268 X1,X2,X3, X1 X2, X1
2 

Y2: PS (nm) Quadratic 0.9931 0.9842 0.9040 36.752 X1, X2, X3, X1 X3 

Y3: PDI Linear 0.7477 0.6895 0.6427 8.885 X1 

Y4: Q8h (%) Quadratic 0.9458 0.9013 0.8384 13.942 X1, X1
2, X3

2 

Y5: DE (%) Quadratic 0.9644 0.8690 0.7963 11.984 X1, X1
2  

Fig. 3. Three-dimensional response surface plots typifying the effect of the significant factors and interactions between them on the responses of ZP-loaded NLCs; The 
effect of palmitic acid and poloxamer 407 amounts (mg) on entrapment efficiency (A), The effect of palmitic acid (mg) and sonication time (sec) on entrapment 
efficiency (B), The effect of palmitic acid and poloxamer 407 amounts (mg) on particle size (C), The effect of palmitic acid (mg) and sonication time (sec) on particle 
size (D). 
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Regarding factor X2; PLX407 amount, increasing PLX 407 amount 
significantly increased the EE% (Fig. 3A). PLX 407 is a triblock copol
ymer that consists of polyethylene oxide (hydrophilic part) and poly
propylene oxide (hydrophobic part). This difference in hydrophobicity 
allows their orientation to form micelles in the aqueous phase (Thapa 
et al., 2020). Thus forming a rigid layer of surfactant around the formed 
particles, preventing drug leaking and offering better drug housing and 
so better drug EE% (Abdelhakeem et al., 2021). These results came in 
agreement with the results found by Zafar et al. (Zafar et al., 2022) who 
prepared NLCs-based erythromycin gel and revealed that the increase of 
Pluronic F127 (poloxamer 407) from 2% to 5% was accompanied by an 
increase in EE %. The positive effect of surfactants on EE% was also 
reported by Gadhave et al. (Gadhave and Kokare, 2019) and Kataria 
et al. (Kataria et al., 2022). 

Concerning factor X3, increasing sonication time would in turn in
crease the breakdown of lipid particles and subsequent escape of the 
drug from NLCs and eventually decreasing the EE% (Fig. 3B). The 
negative effect of increasing sonication time on EE % was similarly re
ported after piperine NLCs formulation (Zafar et al., 2021). Also, com
parable results were declared by Agrawal et al. (Agrawal et al., 2022) 
who found that EE% of entacapone in the formulated NLCs decreased 
with increasing sonication time. 

3.2.2. Effect of independent factors on particle size 
Decreasing particle size is crucial for nose-to-brain delivery to 

facilitate BBB permeation. The measured PS of the prepared formulae 
ranged from 53.2 nm ±14.24 (NLC-7) to 153.88 nm ±18.39 (NLC-2) as 
shown in Table 2. ANOVA test for the consequence of independent 
variables on the PS of ZP-NLCs based on quadratic model showed that 
the model was significant (p < 0.0001) with high adequate precision 
(36.752) and a narrow gap between adjusted R2 (0.9842) and the pre
dicted one (0.9040) (Table 3). The lack of fit was insignificant (p > 0.05) 
exhibiting statistical accuracy. ANOVA analysis showed that factor X1 
(solid lipid amount) had a positive significant effect on PS (Fig. 3C), 
whereas both factors X2 (PLX 407 amount) (Fig. 3C) and X3(sonication 
time) had a negative significant effect (Fig. 3D) This was further 
confirmed by the final equation as a combination of coded factors as 
follows: 

PS = 90.45+ 31.51X1 − 9.06X2 − 6.19 X3 − 5.45X1X3 

The effect of factor X1 (PA amount) could be assigned to the verity 
that increasing solid lipid amounts resulted in a higher viscosity of the 
formed dispersion which by extension led to larger PS while formulae 
with higher liquid lipid content had lower viscosity and thus smaller PS. 
These findings are consistent with the work of Singh et al. (Singh et al., 
2021) where the formulation of mupirocin-loaded NLCs with higher 
liquid lipid content resulted in smaller particle size. The same influence 
of the amount of solid lipid on NLCs particle size was recorded by de 
Souza et al. (de Souza et al., 2019) and Sanad et al. (Sanad et al., 2010) 
indicating that the mean PS of the prepared lipid nanoparticles was 
greatly affected by solid lipid amount and viscosity of the oil phase. 

As for factor X2 (PLX407 amount), lipid nanoparticles were created 
using an oil-in-water (o/w) emulsification approach. Hydrophilic sur
factants (HLB > 12) were examined for their superior emulsification 
effectiveness over lipophilic surfactants with HLB < 12. Surfactant 
concentration exhibited a counter effect on PS, where increasing the 
concentration led to the production of nanoparticles with smaller PS as it 
led to a reduction of the surface tension among lipid particles and the 
aqueous phase, in addition to the prevention of particle agglomeration 
(Houacine et al., 2020; Wu et al., 2021). Concerning factor X3(sonication 
time), increasing sonication time led to decreasing in PS. This could be 
explained on the basis that ultra-sonic waves led to the breakdown of the 
formed particles due to high mechanical shear forces (Babazadeh et al., 
2017; Mahmood et al., 2021). 

3.2.3. Effect of independent factors on PDI 
PDI is a measure of how far particles are distributed homogeneously 

throughout the sample, which is very important for the stability of the 
prepared nanoparticles. Values of PDI closer to 0 assure the homoge
neity of the prepared dispersion while values closer to 1 indicates a wide 
range of size populations within the sample (Danaei et al., 2018; Naguib 
et al., 2021). All prepared formulae showed PDI values extending from 
0.01 ± 0.01 (NLC-9) to 0.45 ± 0.28 (NLC-4) as presented in Table 2 
which indicated the uniformity of the prepared NLCs. The ANOVA test 
for the influence of independent variables on the PDI of ZP-NLCs using a 
linear model revealed that the model was significant with a p value of 
0.0003 and 8.885 adequate precision with a modest difference between 
adjusted (0.6895) R2 and predicted R2 (0.6427) (Table 3). The lack of fit 
was insignificant (p > 0.05), signifying that the statistical results were 
precise. ANOVA analysis showed that factor X1 had a significant positive 
effect on PDI (Fig. 4A). Whereas factors X2 and X3 had an insignificant 
effect as shown in the final equation as a function of coded factors as 
follows: 

PDI = 0.24+ 0.15 X1 − 0.016 X2 + 1.000E − 003 X3 

Increasing the amount of the solid lipid used (X1, PA amount) led to 
an increase in PDI values. These results come in harmony with the 
previously observed results by Khan et al. (Khan et al., 2021) where 
decreasing solid lipid: liquid lipid ratio from 9:1 to 6:4 in miltefosine- 
loaded NLCs preparation was accompanied by a significant decrease in 
PDI. Similarly, Cunha et al. (Cunha et al., 2020) reported a positive 
linear correlation between solid lipid ratio and PDI in the process of 
analysis and optimization of rivastigmine-loaded NLCs. 

3.2.4. Effect of independent factors on zeta potential 
Zeta potential refers to the extent of charge on the surface of the 

developed particles in the prepared mixture, which help in surmising the 
long-term stability of the preparations (Gupta et al., 2021). The greater 
the surface charge, the greater the repulsion between the particles and 
so leading to less aggregation between them (Haider et al., 2020). The 
results of the prepared formulae indicated that all prepared ZP-loaded 
NLCs had zeta potential ranging from − 24.75 mV ± 3.04 (NLC-2) to 
− 34.1 mV ± 4.86(NLC-8) mV as shown in Table 2. The negative charge 
on the surface of NLCs is accredited to the free fatty acids in the structure 
of both solid and liquid lipids. These findings are comparable with those 
reported by other research groups (Tetyczka et al., 2017, 2019; Zhu 
et al., 2015). Since it is well-known that any colloidal system with zeta 
potential ≥ ± 30 mV is physically stable (da Silva et al., 2022), this 
proves good physical stability of most of the currently prepared 
dispersions. 

Statistical analysis utilizing ANOVA revealed the absence of a sig
nificant effect of any of the studied variables on zeta potential. 

3.2.5. Effect of independent factors on in vitro drug release 
In vitro percentage release of ZP from all investigated formulae, 

compared to the permeation of ZP solution from the dialysis bag are 
plotted vs. time as shown in (Fig. 5). The permeation of the ZP solution of 
the dialysis bag manifested fast release with >98% of ZP released in the 
first 2 h which assured that cellulose membrane did not have any retar
dation effect on ZP release and that ZP diffused freely through it without 
any hindrance. Drug percentage released ranged from 34.33% ±3.07 
(NLC-11) to 92.37% ±3.44 (NLC-1). ANOVA test for the outcome of in
dependent variables on in-vitro drug release (Q8h%) of ZP-NLCs based on 
quadratic model showed that the model was significant (p value 
<0.0001) with an insignificant lack of fit (p > 0.05), good adequate 
precision 13.942 and only 0.0629 difference between adjusted and pre
dicted R2. The effect of both factors X2 and X3 were found to be statisti
cally insignificant where X1 had a significant negative effect on Q8h 
(Fig. 4B) as shown in the final equation in terms of coded factors as 
follows: 
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Q8h% = 38.55 − 16.71X1 − 2.27X2 − 0.64X3 + 14.51X2
1 + 9.96X2

3 

The effect of factor X1; PA amount can be explained on basis that 
increasing solid lipid amount as mentioned before means more ordered 
crystalline lattice, which indeed caused more hindering to the diffusion 
path of ZP release and so decrease drug release. These results were the 
same as those obtained by Fathi et al. (Fathi et al., 2018) who showed 
that increasing the oleic acid amount as the liquid lipid in simvastatin- 
loaded NLCs increased the in vitro drug release. Likely, increasing soy
bean oil amount in acetonide-loaded NLCs led to a higher drug release 
profile (Kraisit and Sarisuta, 2018). 

Regarding DE%, ANOVA assessment for the effect of independent 
variables on the dissolution efficiency of ZP-loaded NLCs based on 
quadratic model showed that the model was significant p value <0.0001 
with an insignificant lack of fit (p > 0.05). Reasonable adequate preci
sion 11.984 and a small gap between adjusted (0.8690) and predicted 
(0.7963) R2 demonstrating the precision of statistical results. ANOVA 
analysis showed that factors X2 and X3 had an insignificant effect 
whereas factor X1 had a negative effect (Fig. 4C) as displayed in the final 
equation in the form of coded factors as follows: 

DE% = 76.19 − 4.77X1 − 0.32X2 − 0.44X3 + 6.4X2
1 

The negative effect of PA on DE% is a reflection to its effect on drug 
release where increasing solid lipid amount results in more obstruction 
to drug release and so lower drug DE %. 

In vitro drug release profiles of the examined NLCs formulae were 
most properly fitted to Higuchi diffusion model with the highest 

calculated R2 values. This indicates the erosion of the lipid matrix 
enabling drug diffusion into the release medium. These results are 
comparable with those provided by Pradhan et al. (Pradhan et al., 2021) 
who prepared calcipotriol-loaded NLCs for psoriasis treatment. Also 
comparable release profiles were conducted by Elmowafy et al. (Elmo
wafy et al., 2017) after formulation of atorvastatin-loaded NLCs inten
ded for oral administration. 

3.3. Model validation and selection of the optimized ZP-loaded NLCs 
candidate formula 

Design of experiment is a set of mathematical techniques which is 
established to optimize different output responses of a certain process by 
several input factors (Ghelich et al., 2019). Response surface method
ology (RSM) is a pivotal mathematical-statistical technique to estimate 
the effect of different variables on process outcomes by producing a 
polynomial mathematical relationship between them (Caglar et al., 
2018). RSM is a non-rotatable design that requires three levels for each 
factor as for each surface of the factorial space, the star points are the 
centered ones (Bhattacharya, 2021). The main privilege of RSM over 
traditional methods is minimization of the number of experimental runs 
needed, so a faster, cost-effective, and more efficient optimization pro
cess (Samadi et al., 2020). The most fitted model for each response is 
adopted based on adequate precision value which is an estimate of 
signal-to-noise ratio. Values greater than four imply that the model can 
explore the experimental design space. Also maximizing the R2 value 
which is a statistical measurement that elucidates the ratio of variance in 

Fig. 4. Three-dimensional response surface plots typifying g the effect of the significant factors and interactions between them on the responses of ZP-cod NLCs. The 
effect of palmitic acid and poloxamer 407 amounts (mg) on polydispersity index (A), The effect of palmitic acid and poloxamer 407 amounts (mg) on in vitro drug 
release after 8 h (B), The effect of palmitic acid and poloxamer 407 amounts (mg) on dissolution efficiency (C). 
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the dependent variable that is expounded by the independent variable 
(Ahmadi et al., 2005). The basis of the choice of the optimized formula 
was maximizing EE (Y1, %), in vitro drug release (Y4, %),and DE (Y5, %) 
with minimizing PS (Y2, nm) and PDI (Y3). The software recommended 
NLC-OP having a desirability value of 0.852. The outcome of the 
desirability function suggested that the optimized formula should be 
prepared by the following composition: 100 mg of PA and 116.56 mg 
PLX 407 with 10 s sonication time. The measured variables were 68.68 
nm for PS, 0.097 for PDI, 94.31% for EE%, and 83.89% for Q8h with DE 
% equal to 88.63%. The spotted responses were asymptotic to the pre
dicted ones with acceptable error % as shown in Table 4, substantiating 
the accuracy of the optimization process. 

3.4. Characterization of the optimum NLCs formula (NLC-OP) 

3.4.1. Morphology of the optimized ZP-loaded NLCs formula 
TEM was employed as a tool to illustrate the morphology and size of 

the prepared NLCs. TEM micrographs (Fig. 6) confirmed size uniformity 
of the prepared NLCs which appeared as spherical vesicles without any 
aggregation. They also displayed size that is well correlated with that 
obtained by the zeta sizer. 

3.4.2. Fourier transform infrared (FT-IR) spectroscopy 
Bruker FTIR spectrometer was used to portray any likelihood of in

teractions between ZP and components used in the formulation. The 
samples of ZP, PA, cod liver oil, PLX 407, and lyophilized NLC-OP for
mula were investigated as shown in (Fig. 7). ZP FTIR spectra showed 
characteristic peaks at 2943.37 cm− 1 and 2789.07 cm− 1 corresponding 
to C–H bonds of the methyl group and piperazinyl ring, correspond
ingly. In addition, peaks were shown at 1716.65 cm− 1 corresponding to 
C––O of the pyrrolone ring, as well as peaks at 1419.61 cm− 1 corre
spondent to C–H of methylene group and 1087.85 cm− 1 corresponding 
to chlorine substituted aromatic ring (Abdel Razeq et al., 2018; Ming 
et al., 2007). Pure PA showed principle peaks at 2916.37 cm− 1 and 
2850.79 cm− 1 pointing to –CH2 and –CH3 groups, respectively, in 
addition to peaks appeared at 1701.22 cm− 1 corresponding to C––O 
groups, and at 941.26 cm− 1 corresponding to the bending vibration of 
–OH groups (Wu et al., 2019). Cod liver oil had two characteristic peaks; 
one for − C − H (CH2) group stretching vibrations at 2924.09 cm− 1 and 
the other for − C − H (CH2, CH3) group bending vibrations at 1462.04 
cm− 1 (Carton et al., 2008; Rohman and Che Man, 2011). PLX 407 
showed characteristic peaks at 2885.51 cm− 1 related to C–H groups, 
1342.46 cm− 1 corresponding to –OH groups, and 1111.00 cm− 1 corre
sponding to C–O groups (Khan et al., 2020). However, the spectrum of 
the lyophilized optimized formula lacked any of the ZP unique peaks, 
indicating that ZP was well entrapped inside NLCs. 

Fig. 5. In-vitro release profiles of the seventeen prepared formulae compared to drug solution in PBS (pH =7.4) containing 1% Tween 80 at 37 ± 0.5 ◦C, (NLC-1 – 
NLC-6). (A) (NLC-7 – NLC-12). (B) (NLC-13 – NLC-17) (C) NLC-OP (D). (Results are presented as mean ± SD, n = 3). 

Table 4 
Predicted and observed responses of optimized ZP- loaded NLCs (NLC-OP)  

Variables Values Responses Predicted 
value 

Actual 
value 

Error 
% 

X1 100 Y1: Entrapment 
efficiency (%) 

96.42 94.31 2.19% 

X2 116.56 Y2: Particle size(nm) 68.68 71.27 3.77% 
X3 10 Y3: Polydispersity 

index 
0.09 0.097 7.77%   

Y4: Q8h (%) 80.40 83.89 4.34%   
Y5: Dissolution 
efficiency (%) 

90.19 88.63 1.73%  
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3.4.3. Ex vivo cytotoxicity 
To foresee any possible toxicity of the optimized ZP-loaded NLCs 

(NLC-OP) formula to the nasal mucosa, a histopathological assay on 
excised sheep nasal mucosa was performed. As seen in (Fig. 8), the 
photomicrographs of the sheep nasal mucosa treated with PBS showed 
normal histopathological lineaments without any signs of damage to the 
lining mucosal epithelium with intact underlying structure in both 
anterior and posterior segments (Fig. 8A&D). 

Alternatively, the posterior segment of the sheep nasal mucosa that 
was tested with isopropyl alcohol showed marked damage and 
desquamation of the lining mucosal cell layer (Fig. 8E). However, the 
anterior segment (Fig. 8B), showed no histopathological alteration 
which could be clarified by the fact that the anterior region of the nasal 

mucosa is the thicker part of the nasal mucosa with thick keratinized 
stratified squamous epithelium lining which becomes thinner non- 
keratinized pseudostratified ciliated columnar respiratory epithelium 
gradually as we go towards the posterior region (Gao et al., 2020; 
Gewaily and Abumandour, 2021; Hanafy, 2021; Pathak and Rajput, 
2018). This gave some sort of protection to the anterior segment against 
the damaging effect of isopropyl alcohol. 

Eventually, the nasal sheep mucosa exposed to the optimized ZP- 
loaded NLCs formula (NLC-OP), showed normal histological structure 
for both anterior and posterior segments (Fig. 8C&F) with unharmed 
stratified squamous and pseudostratified columnar mucosal epithelia 
and intact submucosa lining. These returns asserted the safety of the ZP- 

Fig. 6. Transmission electron microscope images of the optimized formula (NLC-OP).  

Fig. 7. The FTIR spectra of pure zopiclone (ZP) (A), palmitic acid (PA) (B), cod 
liver oil (C), poloxamer 407 (PLX 407) (D) and the lyophilized optimized NLCs 
formula (NLC-OP) (E). 

Fig. 8. Histopathological examination of anterior sheep nasal mucosa treated 
with PBS (pH = 7.4) (A), isopropyl alcohol (B) optimized ZP loaded- NLCs 
formula (NLC-OP) (C) and posterior sheep nasal mucosa treated with PBS (pH 
= 7.4) (D), isopropyl alcohol (E), optimized ZP loaded- NLCs formula (NLC- 
OP) (F). 
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loaded NLCs formulation for intranasal administration (Madane and 
Mahajan, 2016). 

3.5. Formulation of radioiodinated ZP 

Maximum radiolabeling efficiency (RE %) of 86.34% ±2.59 was 
obtained by the addition of 10 μL [131I]NaI to a mixture of 1 mg ZP and 
300 μg CAT at pH 6 at ambient temperature for 30 min in 1 mL total 
reaction volume. ZP was radio-iodinated via direct electrophilic 
replacement in the existence of oxidizing agent (CAT) (Ibrahim et al., 
2015). By studying the aforementioned factors which affected the 
pathway of the reaction, the obtained RE% depended mainly on the 
amount of the oxidizing agent which is responsible for the formation of 
iodonium ion from iodide ion allowing an electrophilic reaction. This 
critical step was obtained exactly at 300 μg of CAT (Fig. 9A). Variations 
in the amount of CAT from 300 μg would eventually cause a strong 
reduction in radiolabeling efficiency, this reduction may occur due to 
formation of undesirable byproducts at high CAT amounts or due to 
insufficient oxidation of the radioactive iodine at low CAT amounts 
(Saha, 2013). The highest RE% was obtained at 1 mg of ZP, with lower 
RE % values at lower drug amount as declared in; (Fig. 9B). This may be 
due to the absence of sufficient substrates which are required to capture 
all (I+) from the solution. On the other hand, there were insignificant 
changes at amounts higher than 1 mg of ZP. The RE% showed a 
maximum level at pH 6 while at pH lower or >6 the RE% decreased 
(Fig. 9C) which might be due to the formation of (IO− ) and (IO3

− ) ions 
that did not participate in the radioiodination process (Sakr, 2014). 
Also, the reaction time was one of the crucial factors for reaching the 

highest RE% value. Reaction times of <30 min were insufficient to 
complete the reaction (Fig. 9D). Finally the formed [131I]iodo-ZP was 
stable for >24 h. 

3.5.1. Radio formulation of [131I]iodo-ZP-NLCs 
The [131I]iodo-ZP was formulated with maximum radiolabeling ef

ficiency and then loaded on the optimum NLCs (NLC-OP). The radio
labeling efficiency % of [131I]iodo-ZP-NLCs was reassessed by 
chromatographic technique to confirm the in vitro stability of formulated 
[131I]iodo-ZP-NLCs. It showed in vitro stability with high radiolabeling 
efficiency of >85%. 

3.5.2. In vivo biodistribution study 
The radioiodinated formulations were administrated to three mice 

groups (I, II & III) each composed of 18 mice as follows:  

• Group I: IN [131I]iodo-ZP-DS  
• Group II: IN [131I]iodo-ZP-NLCs  
• Group III: IV [131I]iodo-ZP-NLCs 

The radioiodinated ZP uptake in blood and brain was determined at 
predesigned time points up to 4 h revealing ZP concentration (Table 5). 
Also, (Fig. 10) displays [131I]iodo-ZP concentration in blood (Fig. 10A) 
and brain (Fig. 10B) after administration of different radioiodinated ZP 
formulations. 

Significantly higher brain concentrations of [131I]iodo-ZP were ob
tained in Group II (6.9 ± 1.02 %ID/g at 5 min post administration) in 
comparison to the other two groups GP I and GP III (2.63 ± 1.31%ID/g 

Fig. 9. Variation of the radiolabelling efficiency % (RE%) of [131I]iodo-zopiclone as a function of Chloramine-T (CAT) concentration (A), zopiclone concentration 
(B), pH (C), reaction time (D). 
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and 1.09 ± 0.11%ID/g at 0.25 h post-administration, respectively) (p <
0.05). Concerning blood samples, higher [131I]iodo-ZP concentrations 
were obtained in GP III in comparison to the other two GPs, this could be 
owing to the drug being delivered directly to the systemic circulation via 
the intravenous route. 

The brain/blood ratios for various radiolabeled ZP formulations 
(Table 5) were obtained by dividing the brain [131I]iodo-ZP values by 
the blood values for each animal at the same time point. Significantly 
greater brain/blood ratios (p < 0.05) were noticed in GP II compared to 
GP I and GP III, demonstrating the improved NLC formula’s brain tar
geting capacity. 

The pharmacokinetic characteristics of the three delivered radio
iodinated formulations were calculated by computation of Cmax, Tmax, 
AUC0–4 and AUC0–∞ for both blood and brain data (Table 6). The 
significantly higher brain Cmax, and AUC0–∞ values of the IN [131I]iodo- 
ZP- NLCs confirm direct targeting and delivery of the ZP to the brain. 

It is clear from the calculated pharmacokinetics parameters that the 
intranasal administered NLC-OP had a higher ability and greater extent 
to target the drug to the brain. This was further confirmed mathemati
cally by calculating certain parameters, namely, relative bioavailability, 
DTE%, DTI, and DTP% (Yasir et al., 2022). 

As shown in Table 6, the calculated relative bioavailability was 
487.78% and 6.04% for brain and blood, respectively. 

DTE%, DTI and DTP% values were 368.69%, 4.57%, 144.58, 1.79 
and 99.17%, 44.17% for IN[131I]iodo-ZP-DS, IN [131I]iodo-ZP-NLCs, 
respectively (Table 7). 

4. Conclusion 

In this study, ZP-loaded cod liver oil nano-structured lipid carriers 
were successfully fabricated utilizing hot emulsification-ultrasonication 
method for direct nose-to-brain delivery. The optimized formula showed 
promising results with high EE% confirmed by FTIR spectroscopic 
analysis and small uniform particle size which facilitate its passage to 
the brain through nasal mucosa. Ex vivo cytotoxicity assay confirmed the 
safety and tolerability of the nano-structured lipid carriers formulations. 
Biodistribution and pharmacokinetic study declared that optimized 
formula was highly and rapidly transported to the brain via the nasal 
route compared to drug solution or IV administration. In general, pre
sented results indicate that intranasal administration of ZP formulated 
as nano-structured lipid carriers is a promising technique for enhanced 
brain delivery. 

Table 5 
Brain, blood ZP conc. and brain/blood ratio of ZP administration as intranasal [131I]iodo-ZP-DS, intranasal [131I]iodo-ZP-NLCs, and intravenous [131I]iodo-ZP-NLCs in 
male Swiss albino mice (mean ± SD, n = 3).  

Route of administration Radioiodinated Formulation Organ or tissue Time 

5 min 0.25 h 0.5 h 1 h 2 h 4 h 

IN [131I]iodo-ZP-DS Brain 2.34 ± 1.2 2.63 ± 1.31 1.7 ± 0.23 0.6 ± 0.03 0.29 ± 0.02 0.12 ± 0.02 
Blood 2.32 ± 0.16 3.3 ± 0.14 4.05 ± 0.3 2.14 ± 0.21 2 ± 0.15 1.90 ± 0.1 
Brain/blood 1.01 ± 0.10 0.79 ± 0.09 0.42 ± 0.07 0.28 ± 0.02 0.15 ± 0.01 0.06 ± 0.00 

IN [131I]iodo-ZP- NLCs Brain 6.9 ± 1.02 3.8 ± 0.42 3.1 ± 0.98 2.09 ± 0.81 1.7 ± 0.23 1.1 ± 0.17 
Blood 0.7 ± 0.08 0.68 ± 0.09 0.59 ± 0.07 0.43 ± 0.06 0.35 ± 0.02 0.28 ± 0.02 
Brain/blood 9.9 ± 1.39 5.6 ± 0.78 5.25 ± 0.48 4.9 ± 0.21 4.9 ± 0.18 3.9 ± 0.12 

IV [131I]iodo-ZP-NLCs) Brain 0.65 ± 0.08 1.09 ± 0.11 0.7 ± 0.08 0.5 ± 0.04 0.32 ± 0.03 0.06 ± 0.00 
Blood 12.4 ± 1.61 13.9 ± 1.94 13.3 ± 1.87 12.13 ± 1.48 7.1 ± 0.91 6.2 ± 0.86 
Brain/blood 0.05 ± 0.01 0.08 ± 0.01 0.05 ± 0.00 0.04 ± 0.00 0.04 ± 0.00 0.01 ± 0.00  

Fig. 10. Blood (A) and Brain (B) ZP concentrations at different time intervals 
after administration of intranasal [131I]iodo-ZP-NLCs, intravenous[131I]iodo- 
ZP-NLCs and [131I]iodo-ZP-DS. (mean ± SD,n = 3) in male Swiss albino mice. 

Table 6 
Pharmacokinetics parameters for ZP administration as intranasal [131I]iodo-ZP-DS, intranasal [131I]iodo-ZP-NLCs, and intravenous [131I]iodo-ZP-NLCs in male Swiss 
albino mice (mean ± SD, n = 3).  

Time 

Formulation/route of administration Organ or tissue Cmax (%ID/g) Tmax (h) AUC 0-∞ (h%ID/g) AUC 0–4 (h%ID/g) Relative bioavailability % 

IN [131I]iodo-ZP-DS Brain 2.63 ± 0.01 0.25 2.70 ± 0.01 2.48 ± 0.01   
Blood 4.05 ± 0.43 0.5 59.16 ± 4.05 9.00 ± 1.20  

IN [131I]iodo-ZP-NLCs Brain 6.9 ± 0.69 0.0833 13.17 ± 0.51 8.03 ± 0.47 487.78 ± 97.66  
Blood 0.7 ± 0.20 0.0833 3.57 ± 0.22 1.57 ± 0.22 6.04 ± 3.24 

IV [131I]iodo-ZP-NLCs Brain 1.09 ± 0.08 0.25 1.57 ± 0.33 1.48 ± 0.19   
Blood 13.9 ± 1.30 0.25 61.62 ± 17.10 35.38 ± 8.48   

Table 7 
DTE%, DTI%, and DTP% of intranasal [131I]iodo-ZP-DS and intranasal [131I] 
iodo-ZP-NLCs relative to the intravenous [131I]iodo-ZP-NLCs in male Swiss al
bino mice (mean ± SD, n = 3).  

Formulation/route of 
administration 

DTE% DTI DTP% 

IN [131I]iodo-ZP-DS 4.57 ± 1.01 1.79 ± 0.81 44.17 ±
7.04 

IN [131I]iodo-ZP-NLCs 368.69 ±
10.30 

144.58 ±
10.22 

99.17 ±
0.04  
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