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A B S T R A C T   

Intranasally administered non-steroidal anti-inflammatory drugs (NSAIDs) offer an innovative opportunity in the 
field of pain management. Combination of the nasal physiological advantages such as the rich vascularization 
and large absorption area along with novel nanomedical formulations can fulfill all the necessary criteria of an 
advanced drug delivery system. Nanoemulsions represent a versatile formulation approach suitable for nasal 
drug delivery by increasing the absorption and the bioavailability of many drugs for systemic and nose-to-brain 
delivery due to their stability, small droplet size and optimal solubilization properties. In this study we aimed to 
develop meloxicam (MX)-loaded mucoadhesive nanoemulsions and to investigate the nasal applicability of the 
optimized formulations. Our results indicated the optimized nanoemulsion formulation (MX-NE3) had a droplet 
size of 158.5 nm in monodisperse droplet size distribution (polydispersity index of 0.211). The surface charge 
was − 11.2 mV, which helped with the colloidal stability upon dilution at simulated nasal conditions and storage. 
The high encapsulation efficiency (79.2%) mediated a 15-fold drug release and a 3-fold permeability increase at 
nasal conditions compared to the initial MX. Proper wetting properties associated with high mucoadhesion 
prosper the increased residence time on the surface of the nasal mucosa. No cytotoxic effect of the formulations 
was observed on NIH/3T3 mouse embryonic fibroblast cell lines, which supports the safe nasal applicability.   

1. Introduction 

Current drug formulation strategies focus on the improvement of the 
bioavailability of non-steroidal anti-inflammatory drugs (NSAIDs) as 
they are one of the most commonly applied groups of active substances. 
With oral administration, many side effects can arise due to their high 
dosage induced by low water solubility, leading to poor permeability 
through the gastrointestinal tract. Through the intranasal route, higher 
effective blood concentrations can be achieved (Szabó-Révész, 2018; 
Sipos et al., 2021a). Nasal administration has numerous advantages such 
as the highly vascularised nasal mucosa, the large absorption surface 
and the convenient applicability. The nasal pathway also provides a 
possibility to avoid the first-pass elimination mechanisms and a rapid 
onset of action is awaited by this route of administration. NSAIDs have a 
poor water solubility and dissolution rate at the nasal mucosa, therefore, 
the development of a proper drug delivery system is required, which can 
improve bioavailability. The main challenge is to overcome the rapid 

elimination from the nasal cavity due to the mucociliary clearance, 
which can be slowed down by application of mucoadhesive 
formulations. 

The advantageous properties of nanoemulsions may satisfy these 
needs, especially if intranasal administration is selected as one of the 
alternative administration routes. Their main potential is that hydro
phobic drugs can be incorporated in these systems, which facilitates the 
increased drug permeation through biological membranes and with 
spontaneous association tendencies they can be easily redispersed into a 
homogenous, administrable liquid form (Marzuki et al., 2019; Shaker 
et al., 2019; Choudhury et al., 2019). Furthermore, the nanoemulsion 
formulations may stand out due to the significant increase in mucoad
hesivity and residence time. 

Oil-in-water (O/W) emulsions are highly recommended for nasal 
application as these types of emulsions protect the drug from enzymatic 
and pH-mediated degradation (Bonferoni et al., 2019). The proper se
lection of emulsion-forming excipients plays a crucial role in designing a 
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value-added intranasal nanoemulsion. As the oily phase of the nano
emulsions, castor oil can be a suitable choice. Besides the favourable 
viscosity and other rheological characteristics, this natural oil can be 
safely applied intranasally. Furthermore, intranasal application of castor 
oil locallystimulates blood flow of the mucosa, which helps with the 
permeability of the active substance (Espinoza et al., 2018). As surfac
tant Tween 80 seems to be a rational choice as it forms O/W type 
emulsions (HLB value = 15), moreover it has low toxicity and irritability 
on the nasal mucosa (Gao et al., 2019). Besides surfactants, co
surfactants as surface-active components that co-adsorb to oil–water 
interfaces play a crucial role in altering interfacial characteristics, such 
as optimum curvature, interfacial tension, interfacial rheology, thick
ness, polarity, and charge. These changes in interfacial characteristics 
lead to changes in the formation and stability of nanoemulsions (Rao 
and McClements, 2013). As cosurfactant the use of propylene-glycol can 
be advantageous in order to solubilize the active pharmaceutical 
ingredient (API) and it is also able to decrease nasal irritation. To modify 
the bulk physicochemical and structural properties of aqueous solutions, 
the presence of cosolvents as water–miscible components (e.g., ethanol) 
are required. Ethanol as a cosolvent has the function to increase degree 
of dispersion of emulsified droplets through decreasing interfacial ten
sion of the system (Rao and McClements, 2013). Moreover, ethanol is a 
frequently applied preservative agent in nasal drops and sprays, whereas 
the aqueous phase of the nanoemulsion consists of purified water (Sari 
et al., 2015; Prasetyo et al., 2018). 

Our research group has already proved on many occasions the suc
cessful nasal application of meloxicam (MX), a member of NSAID active 
substance group. Horváth et al. (2016) and Bartos et al. (2018)devel
oped MX-containing mucoadhesive nasal sprays with hyaluronic acid, 
while Sipos et al. (2020) designed MX-loaded polymeric micelles with 
rapid drug dissolution. However, in present study we are focusing on the 
optimization of a suitable nasal carrier system with advanced drug 
release property, which may assist in enhancing the bioavailability, even 
after absorption into the systemic circulation and reduce the need for 
frequent administration to improve patient compliance (Sipos et al., 
2021b). Katona et al. already developed MX-human serum albumin 
nanoparticles with sustained nasal release, but these formulations can be 
stored only in solid, freeze-dried form and should be redispersed in 
water before use (Katona et al., 2020, 2021). The nasal delivery of 
NSAIDs have also shown that by nasal administration, not only anal
gesia, but the treatment of different chronic neurodegenerative diseases 
can be also accomplished. With nose-to-brain delivery through the en
torhinal cortex (innerved by the olfactory nerves, too), favourable 
cyclooxygenase inhibition can be possible to provide a remedy to neu
roinflammation in Alzheimer’s Disease as well. This was supported by 
the rapid and more efficient brain uptake studies with ibuprofen, flur
biprofen and indomethacin as well (Parepally et al., 2006). 

To satisfy these requirements, we aimed to develop a stable and 
dilutable MX-loaded nanoemulsion formulation as liquid dosage form 
with optimised droplet size and size distribution for intranasal use. 
Dilutable nanoemulsions are potent drug delivery vehicles for nasal use 
due to their numerous advantages such as increased drug release and 
high ability of drug penetration into the deeper layers of the nasal mu
cosa. The rheological characterization and the in vitro studies helped to 
determine which formulation composition was optimal for this admin
istration route. Stability studies were carried out to determine the 
droplet size and droplet size distribution upon dilution at nasal condi
tions and storage. Drug release and permeability studies were performed 
to characterize the enhancement effect on these biopharmaceutical pa
rameters mediated by the solubilization. Cell line studies on NIH/3T3 
mouse embryonic fibroblasts helped to investigate the cytotoxic effect of 
the nanoemulsion formulations. 

2. Materials and methods 

2.1. Materials 

Meloxicam (MX, 4‑hydroxy-2-methyl-N-(5-methyl-2-thiazolyl)− 2H- 
benzothiazine-3-carboxamide-1,1-dioxide) was kindly donated by EGIS 
Pharmaceuticals Plc. (Budapest, Hungary). Tween 80, castor oil, 
ethanol, phosphate buffered saline (PBS) powder, chemicals for Simu
lated Nasal Electrolyte Solution (SNES) (8.77 g/l sodium chloride 
(NaCl), 2.98 g/l potassium chloride (KCl), 0.59 g/l anhydrous calcium 
chloride (CaCl2) dissolved in purified water, pH set to 5.6 1 n hydro
chloride acid), potassium dihydrogen phosphate (KH2PO4) and the 
analytical grade solvent acetonitrile (MeCN) were purchased from 
Merck Ltd. (Budapest, Hungary). Sodium hyaluronate (HA) (MW: 4350 
kD) was obtained from Gedeon Richter Plc. (Budapest, Hungary). 
Distilled water was purified using the Millipore Milli-Q® (Merck Ltd., 
Budapest, Hungary) Gradient Water Purification System. 

2.2. Formulation process of MX-loaded nanoemulsions 

At first, oil phase and aqueous phase were prepared separately on 
magnetic stirrers based on the design of experiment process. Oil phase 
consisted of ethanol and castor oil mixture, in which MX was dissolved 
under constant stirring (25 ◦C, 1000 rpm), while the aqueous phase 
contained the mixture of Tween 80, propylene glycol and purified water 
prepared under same conditions (25 ◦C, 1000 rpm). The next step was to 
add the oil phase into the aqueous phase using a peristaltic pump with a 
flow rate of 0.2 ml/min. After this, purified water was added to the 
mixture at a flow rate of 0.3 ml/min to form a nanoemulsion, then the 
system was kept under constant stirring at 25 ◦C for 1 h. The precise 
amounts later discussed were chosen based on the results of the Box- 
Behnken factorial design. 

2.3. Optimization of MX-loaded nanoemulsions 

To optimize the formulation of MX-loaded nanoemulsions, a 4-fac
tor, 3-level Box-Behnken factorial design was set up. Generally 
speaking, the formulation process is scalable and can produce large 
amounts of nanoemulsions. The formulation strategy is affected by the 
drop rate of oily phase to the aqueous phase, however laboratory scale 
process and industrial scale-up is influenced by the ratio of the com
ponents (Singh et al., 2017). The simplicity of this method lies in the fact 
that by utilizing the self-association tendency of these specific compo
nents, high pressure or energy conditions are not required to form 
colloidally stable and proper nanoemulsion droplets. Based on literature 
data and preliminary experiments, compositions from the nanoemulsion 
regions were selected containing Tween 80, propylene glycol, ethanol, 
purified water and castor oil. The independent variables with the ranges 
were the following (Table 1). 

The concentration of MX was constant during the experiments: 0.2% 
w/w and for the castor oil, a permanent 3% w/w was chosen. The 
dependent variables were the droplet size and the polydispersity index 
(PdI) as the main factors influencing the dissolution and permeability 
rate from a nanocarrier. The effect on droplet size and PdI values was 
investigated by analysing the quadratic response surface and by con

Table 1 
Independent variables of the 4-factor, 3-level Box-Behnken factorial design.   

Levels  

− 1 0 +1 

Independent variables Amount of independent variables (g) 
Tween 80 1.20 1.60 2.0 
Propylene glycol 0.75 1.00 1.25 
Ethanol 0.75 1.00 1.25 
Purified water 0.75 1.00 1.25  
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structing a second-order polynomial model using the TIBCO Statistica® 
13.4 (Statsoft Hungary, Budapest, Hungary) software. The relationship 
of the variables on the response was described with the following second 
order equation (Eq. (1)): 

Y = β0 + β1x1 + βax2
1 + β2x2 + βbx2

2 + β3x3 + βcx2
3 + β4x4 + βdx2

4 (1)  

where Y represents the response variables (droplet size and poly
dispersity index) of fitted surface, β0 is a constant, β1, β2, β3, β4 are linear 
coefficients and βa, βb, βc, βd are quadratic coefficients of the four 
investigated factors. Analysis of variance (ANOVA) was applied as sta
tistics, with a 95% confidence interval level where the variable was 
considered significant if the p < 0.05. 

2.4. Characterization of MX-loaded nanoemulsions 

2.4.1. Dynamic light scattering (DLS) and zeta potential measurements 
The droplet size and droplet size distribution (as PdI) were measured 

via dynamic light scattering using a Malvern Nano ZS Zetasizer (Malvern 
Instrument, Malvern, UK). The formulations were measured at 25 ◦C 
with the refractive index of 1.72. The zeta potential was also measured. 
All measurements were performed in triplicate using a folded capillary 
cell. The results are expressed as means ± SD. 

2.4.2. Determination of encapsulation efficiency 
The content of MX entrapped in the droplets of nanoemulsion (EE%) 

was assayed with HPLC. In brief, the formulations were centrifuged for 
1 h at 4 ◦C and 16,000 rpm in a Hermle Z323K laboratory centrifuge 
(Hermle AG, Gossheim, Germany). The amount of unentrapped MX was 
determined in the underneath aqueous phase (Chou et al., 2021). The EE 
% was calculated with the following equation (Eq. (2)): 

EE% =
(A1 − A2)

A1
x 100 (2)  

where A1 is the total MX amount (mg), A2 is the free MX amount (mg) in 
the formulation. The measurements were carried out in triplicate. Re
sults are expressed as means ± SD. 

2.4.3. Quantitative analysis of MX using liquid chromatography 
To determine the MX concentration during the measurements, an 

Agilent 1260 Infinity HPLC system (Agilent Technologies, Santa Clara, 
CA, USA) was used. The stationary phase was a C18 Kinetex® EVO C18 
LC column (50 µm, 110 Å, 150 mm × 4.6 mm) Phenomenex, Torrance, 
CA, USA). The mobile phases were the following: 0.065 M KH2PO4 so
lution with adjusted pH of 2.8 with phosphoric acid (A) and methanol 
(B). Gradient elution was used for the separation in two steps. At first, 
the proportion of starting 50% A eluent was reduced to 25% over a 
period of 14 min and then raised again to 50% over a period of 20 min. 
The sample volume was 10 µl. The temperature was set at 30 ◦C. The 
eluent flow rate was set at 1 ml/min and the chromatograms were 
detected at 355 ± 4 nm using an UV–vis diode array detector. The data 
were evaluated using the ChemStation B.04.03. Software (Agilent 
Technologies, Santa Clara, CA, USA). The retention time of MX was 
14.34 min. The linear regression of the used calibration line was 0.999. 
The determined limit of detection (LOD) and quantification (LOQ) were 
16 and 49 ppm, respectively. 

2.4.4. Determination of pH 
The pH values of the formulations were measured by a dipping pH 

meter (WTW® inoLab® pH 7110 laboratory pH tester, Thermo Fischer 
Scientific, Budapest, Hungary). The measurements were carried out in 
triplicate. Results are expressed as means ± SD. 

2.5. Rheological characterization 

2.5.1. Viscosity measurements 
The viscosity of the nanoemulsions was measured with a Physica 

MCR 302 rheometer (Anton Paar, Graz, Austria). The measuring device 
was of cone and plate type (diameter: 50 mm, gap height in the middle of 
the cone: 0.045 mm). Flow curves of the emulsions were plotted from 
0.1 to 100 1/s shear rate. The viscosity of the sample was determined at 
50 1/s shear rate using the interpolation function of the RheoCompass 
software of the instrument. Three parallel measurements were per
formed. Results are expressed as means ± SD. 

2.5.2. Mucoadhesion study 
Tensile tests were performed with a TA-XT Plus Texture analyser 

(Metron Ltd., Budapest, Hungary) equipped with a 5 kg load cell and a 
cylinder probe with a diameter of 1 cm. Nanoemulsions were placed in 
contact with a filter paper disc with 25 mm diameter wetted with 50 µl 
of an 8% w/w porcine mucin (Mucin type III, Merck Ltd., Budapest, 
Hungary) dispersion in SNES (pH 5.6). 20 µl of the nanoemulsions was 
attached to the filter paper fixed on cylinder probe and placed in contact 
with the mucin dispersion. A 2500 mN preload was used for 3 min, then 
the cylinder probe with the nanoemulsion was moved upwards at a 
prefixed speed of 2.5 mm × min− 1 to separate the attaching surfaces. 
Adhesive force (F, mN) and adhesive work (A, mN × mm) were applied 
for the evaluation of the mucoadhesivity of the nanoemulsions. Five 
parallel measurements were performed. Results are expressed as means 
± SD. 

2.5.3. Determination of spreading properties via contact angle 
determination 

Contact angles for the MX-loaded nanoemulsions on a hydrophobic 
substrate were measured with an OCA Contact Angle System (Data
Physics OCA 20, DataPhysics Instruments GmbH, Filderstadt, Germany). 
The measured contact angles were recorded every 6 s up until 1 min. 
Solid paraffin film was chosen as the solid substrate to investigate the 
wettability against a hydrophobic surface imitating the apical side of the 
nasal mucosa. 25 µl of the formulations was dropped with a pipette onto 
the surface. The measurements took place in triplicate and the results 
are expressed as means ± SD. 

2.6. Stability studies 

2.6.1. Physical stability 
The optimized MX-loaded nanoemulsions were stored at ambient 

temperature for 4 weeks. The sampling was performed at every 7th day. 
At each measurement time, a portion was diluted 10-fold with purified 
water, then droplet size and PdI were measured using DLS. The mea
surements took place in triplicate and the results are expressed as means 
± SD. 

2.6.2. Dilution stability 
Dilution stability refers to the stability of the nanoparticles upon 

volume expansion. The droplet size, PdI and zeta potential values were 
recorded in two different media: pH 5.6 SNES and pH 7.4 PBS. The rates 
of dilution were the following: 1, 2, 5, 10, 25 and 50. The measurements 
were carried out in triplicate. Results are expressed as means ± SD. 

2.7. In vitro nasal applicability studies 

2.7.1. In vitro nasal drug release study 
The modified paddle method was used to determine the dissolution 

rate of the MX-loaded nanoemulsions in a Hanson SR8 Plus (Teledyne 
Hanson Research, Chatsworth, CA, USA) equipment. The nanoemulsions 
were placed in dialysis bags (Spectra/Por® Dialysis Membrane with a 
12–14 kD MWCO (Spectrum Laboratories Inc., Rancho Dominguez, CA, 
USA). 100 ml of SNES was used as the dissolution media, measurement 
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was carried out at 35 ◦C under 100 rpm paddle rotation. At pre
determined time points, 0.5 ml of aliquots were taken up to 60 min and 
placed in vials for the HPLC quantification measurements. Three parallel 
measurements took place. Results are expressed as means ± SD. 

2.7.2. Model-independent statistical analysis of the drug release study 
Model-independent statistical analysis of the drug release study was 

performed to evaluate mathematically the differences between the drug 
release profile of the formulations (Sipos et al., 2020). The percentage 
dissolution efficiency (%DE) for MX and for each MX-loaded nano
emulsion was calculated as the percentage ratio of the area under the 
dissolution curve up to time t to that of the area of the rectangle 
described by 100% dissolution at the same time as described in the 
following equation: 

%DE =

∫ t
0 y ⋅ dt
y100 ⋅ t

⋅100% (3) 

Trapezoidal method was used to calculate the area under the curve 
(AUC) which is the sum of all the trapezia defined by Eq. 4: 

AUC =
∑i=n

i=1

(t1 − ti− 1)(yi− 1 + yi)

2
(4)  

where ti is the time point and yi is the percentage of product dissolved 
MX at time ti. 

The relative dissolution at 15 min (RD15 min) in the case of the for
mulations compared to the inital MX was calculated based on the per
centage dissolution efficacy (%DE) ratio of MX-nanoemulsion (MX-NE) 
and initial MX using the following formula (Eq. (5)): 

RD15 min =
%DE15 minMX − NE

%DE15 minMX
(5) 

The mean dissolution time (MDT) was calculated using this expres
sion (Eq. (6)): 

MDT =

∑n
i− 1tmidΔM
∑n

i− 1ΔM
(6)  

where i is the dissolution sample number, n is the number of dissolution 
times, tmid is the time at the midpoint between times ti and ti-1 and ΔM is 
the amount of MX dissolved (mg) between times ti and ti-1. 

2.7.3. In vitro nasal diffusion study 
The in vitro nasal diffusion study of MX was performed in a modified 

Side-Bi-Side®-type horizontal diffusion cell, where a cellulose mem
brane impregnated with isopropyl myristate was applied with a surface 
of 0.785 cm2. Both donor and acceptor cell volumes were 9.0 ml among 
which the diffusion was investigated at 35 ◦C. The donor phase consisted 
of SNES and the acceptor phase was a pH 7.4 PBS. Sampling from the 
acceptor phase was performed at assigned time points and the MX 
concentration was measured via HPLC. The aliquot volumes were 50 µl. 
The flux (J) was calculated from the quantity of MX permeated through 
the membrane, divided by the surface membrane insert and the duration 
of experiment (µg/cm2/h). The permeability coefficient (Kp (cm/h)) was 
determined from J and the drug concentration in the donor phase (Cd 
(µg/cm3)) as seen in the following equation 

Kp =
J

Cd
(7)  

2.7.4. In vitro cytotoxicity assay 
Antiproliferative effect of the samples was determined in vitro using 

NIH/3T3 mouse embryonic fibroblast cells by means of MTT [3-(4,5- 
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay. Briefly, 
a limited number of NIH/3T3 cells (5000/well) was seeded onto a 96- 
well microplate and became attached to the bottom of the well over
night. On the second day of the procedure, the test substances were 

added in serial dilutions (final concentrations were: 0.3, 1.0, 3.0, 10.0, 
30.0, 100 µM MX). After an incubation period of 72 h, the living cells 
were assayed by the addition of 20 µl of 5 mg/ml MTT solution. After a 
4-h incubation, the medium was removed and the precipitated formazan 
was dissolved in 100 µl/well of DMSO during a 30-min period of 
shaking. Finally, the reduced MTT was assayed at 545 nm, using a 
microplate reader. Untreated cells were taken as the negative control. 
NIH/3T3 cell line was purchased from the European Collection of Cell 
Cultures (Salisbury, UK) and cultured in Eagle’s Minimum Essential 
Medium. All in vitro experiments were carried out on two 96-well dishes 
with at least five parallel wells. Results are expressed as means ± SD. 

3. Results and discussion 

3.1. Optimization of MX-loaded nanoemulsions 

During the Box-Behnken factorial design-based optimization process, 
27 formulations were prepared in triplicate and the droplet size and the 
polydispersity index were measured. The compositions and the resulting 
responses can be found in Table 2. 

Using the software, polynomial equations were generated to describe 
the effect of the independent factors on droplet size (Eq. (8)) and PdI 
(Eq. (9)). 

Droplet size = 406.609 + 185.403x1 − 168.032x2
1 − 47.798x2 + 88.277x2

2

+90.442x3 + 53.734x2
3 + 164.680x4 − 123.186x2

4

(8) 

In the case of Eq. (8), the regression coefficient (R2) of the surface 
plot was 0.9983, the adjusted R2 was 0.9912, which indicates a proper 
correlation. The amount of Tween 80 (x1) had a significant (p < 0.05) 
effect on the droplet size. The positive coefficients before each inde
pendent variable indicate the increase in droplet size (x1, x2

2, x3, x3
2 and 

x4) whilst the negative ones indicate the decrease (x1
2, x2 and x4

2). 
Average nanoemulsion droplet size ranges from 100 to 300 nm and later 
the formulations were considered good if their droplet size fitted in this 
region. 

PdI = 0.551 + 0.013x1 − 0.1339x2
1 − 0.068x2 + 0.007x2

2 + 0.051x3

− 0.007x2
3 + 0.122x4 − 0.032x2

4 (9) 

In the case of Eq. (9), the regression coefficients were 0.9941 (R2) 
and 0.9897 (adjusted R2) also indicating a proper correlation. The 
amount of Tween 80 (x1

2) and purified water (x4) had a significant (p <
0.05) effect on the polydispersity index. The positive coefficients before 
the independent variables increase the polydispersity index (x1, x2

2, x3 
and x4) whilst the negative ones decrease it (x1

2, x2, x3
2 and x4

2). The 
formulations were considered good in droplet size distribution if the PdI 
value was below 0.3. 

Based on the experiments and the selection of statistically significant 
factors (Tween 80 and purified water), 2D surface plots were depicted as 
seen in Fig. 1. 

Based on the surface plots and the ANOVA statistical analysis, the 
following 4 formulations were chosen to be further investigated 
(Table 3). The amount of Tween 80 and purified water remained the 
same based on the 2D surface plots, while the other amounts would vary. 
The targeted castor oil concentration still remained at around 3% w/w 
and the targeted MX concentration was at 0.2% w/w. 

The concentration of ethanol and propylene glycol in the nano
emulsions was in the range of 0.163–0.282 mg/ml and 0.146–0.233 mg/ 
ml, respectively which means the administration of the maximal nasal 
applicable volume of nanoemulsions (200 µl) would be still safe for the 
patient. Ethanol less than 6 mg/kg/day can be safely administered for 
adult patients is not be expected to produce a blood alcohol concen
tration. In toxicological studies after long-term repeat-dose exposure 
(mainly by oral route), propylene glycol had a rather low systemic 
toxicity in experimental adult animals at up to 1 to 3 g/kg/day. 

B. Sipos et al.                                                                                                                                                                                                                                    



European Journal of Pharmaceutical Sciences 175 (2022) 106229

5

Information in juvenile animals showed that propylene glycol produces 
ethanol-like apoptotic neurodegeneration in the developing central 
nervous system of the mouse started only above doses of 2 g/kg. Lang
ston et al. studied the long-term effect of propylene glycol after nasal 
administration. Their 13-week subchronic nose only inhalation study 
demonstrated that daily exposures to PG up to 5 mg/L for 6 h/day did 
not induce biologically meaningful adverse effects in rats (Langston 
et al., 2021). 

3.2. Characterization of MX-loaded nanoemulsions 

The characterization of the MX-NE1–4 nanoemulsion formulations 
was performed via DLS measurements, determination of encapsulation 
efficiency and the pH of these nasal formulations. The measured pa
rameters can be found in Table 4. 

Based on the DLS measurements, it can be claimed that the nano
emulsion formulations met the criteria of a nano drug delivery system. 
Their droplet size is below 300 nm and the PdI values are lower than 0.3 
meaning that the droplet size distribution is monodisperse and the for
mulations contain MX in uniform size. MX-NE1 and MX-NE3 showed 
significantly lower (p < 0.05) droplet size in comparison to MX-NE2 and 
MX-NE4, which can be explained with the different ethanol content. 
Increasing the ethanol content beside the permanent surfactant con
centration tends to further decrease the interfacial tension, which results 
in droplet size reduction (Wang et al., 2020). The surface charge of the 
formulations expressed as zeta potential is negative. It is recommended 
for a nasal delivery system to have a slightly negative surface charge, as 
this enhances the nasal absorption through the nasal mucosa. The high 
encapsulation efficiency value (above 60%) is a requirement to ensure 
that a proper dosing can occur via high drug loading. The pH values of 
the formulations are within the nasal conditions (pH 5.3 to 6.5) which 
means that no further pH-setting additives are needed to ensure that the 
nasal formulation is not irritative inside the nasal cavity. 

3.3. Rheological characterization 

3.3.1. Viscosity of the nanoemulsions 
As the reference for viscosity measurements, the rheological prop

erties of 0.5% w/w hyaluronic acid (HA) solution, as a frequently 
applied viscosity enhancer in nasal and ocular formulations, were 
compared to our nanoemulsions. The viscosity values can be seen in 
Table 5. 

Statistical significance of viscosity results was determined using the 
paired t-test. Changes were considered statistically significant at p <
0.05. The viscosity of MX-NE1 and MX-NE3 formulations is significantly 
higher, than that of MX-NE2, MX-NE4 and HA solution. The viscosity 
difference can be explained with the different amount of ethanol. 
Increasing the ethanol content tends to increase the dynamic viscosity. 
This phenomenon can be explained with different droplet size and thus 
the rigid nature of smaller droplets. Larger droplets are nonrigid and 

Table 2 
Composition of the Box-Behnken factorial design with the measured droplet size 
and polydispersity index values. Fixed values: castor oil (3% w/w) and MX 
(0.2% w/w). Data are presented as means ± SD (n = 3).  

Run Tween 
80 (g) 

Propylene- 
glycol (g) 

Ethanol 
(g) 

Purified 
water (g) 

Z- 
average* 
(nm) 

PdI* 

1 1.2 1.0 0.75 1.0 163.1 ±
11.3 

0.514 
±

0.086 
2 2.0 1.0 0.75 1.0 304.2 ±

16.4 
0.463 
±

0.024 
3 1.2 1.0 1.25 1.0 89.96 ±

5.3 
0.455 
±

0.101 
4 2.0 1.0 1.25 1.0 123.9 ±

11.7 
0.459 
±

0.039 
5 1.6 0.75 1.0 0.75 150.5 ±

7.3 
0.271 
±

0.026 
6 1.6 1.25 1.0 0.75 114.2 ±

3.0 
0.338 
±

0.075 
7 1.6 0.75 1.0 1.25 223.0 ±

8.4 
0.337 
±

0.014 
8 1.6 1.25 1.0 1.25 221.2 ±

1.8 
0.384 
±

0.022 
9 1.6 1.0 1.0 1.0 190.8 ±

15.5 
0.308 
±

0.015 
10 1.2 1.0 1.0 0.75 110.7 ±

31.7 
0.525 
±

0.087 
11 2.0 1.0 1.0 0.75 1217.6 ±

75.4 
0.553 
±

0.041 
12 1.2 1.0 1.0 1.25 1451.8 ±

261.2 
0.808 
±

0.069 
13 2.0 1.0 1.0 1.25 1307.4 ±

21.7 
0.680 
±

0.048 
14 1.6 0.75 0.75 1.0 225.2 ±

18.8 
0.357 
±

0.021 
15 1.6 0,75 1.25 1.0 231.5 ±

9.1 
0.236 
±

0.017 
16 1.6 1.25 0.75 1.0 158.5 ±

6.4 
0.211 
±

0.023 
17 1.6 1.25 1.25 1.0 257.4 ±

8.6 
0.268 
±

0.041 
18 1.6 1.0 1.0 1.0 192.5 ±

13.5 
0.338 
±

0.051 
19 1.2 0.75 1.0 1.0 184.4 ±

10.4 
0.661 
±

0.035 
20 2.0 0.75 1.0 1.0 101.2 ±

3.7 
0.639 
±

0.069 
21 1.2 1.25 1.0 1.0 74.71 ±

2.1 
0.671 
±

0.146 
22 2.0 1.25 1.0 1.0 1245.6 ±

101.9 
0.879 
±

0.048 
23 1.6 1.0 0.75 0.75 192.0 ±

4.9 
0.362 
±

0.017 
24 1.6 1.0 1.25 0.75  

Table 2 (continued ) 

Run Tween 
80 (g) 

Propylene- 
glycol (g) 

Ethanol 
(g) 

Purified 
water (g) 

Z- 
average* 
(nm) 

PdI* 

165.4 ±
4.5 

0.251 
±

0.045 
25 1.6 1.0 0.75 1.25 354.3 ±

37.1 
0.698 
±

0.091 
26 1.6 1.0 1.25 1.25 259.1 ±

44.8 
0.432 
±

0.050 
27 1.6 1.0 1.0 1.0 239.7 ±

18.3 
0.346 
±

0.063  
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deformable, showing a different rheological behavior. Emulsions of 
deformable particles exhibit both shear thinning and elastic effects 
(normal stresses), even at low dispersed-phase concentrations, however, 
the viscosity shows an opposite trend; it increases with the decrease in 
droplet size (Pal, 1996). Low viscosity values indicate higher drug 
release as the drug can transfer more efficiently from the system to the 

dissolution media without the restricting effect of the carrier. Low vis
cosity nasal formulations are also favourable considering the mucocili
ary activity. Highly viscous systems can inhibit the ciliary activity in a 
manner which can affect the physiological elimination mechanisms. By 
decreasing the viscosity, a more natural and ciliary friendly application 
can be obtained. 

3.3.2. Mucoadhesion study 
Mucoadhesion is of particular importance for nasal nanocarriers, as 

increasing the residence time in the nasal cavity increases the potential 
for absorption by allowing the drug to remain on the nasal mucosa. 
During the tensile test, 0.5% w/w HA solution was used as the reference 
as it is known to have satisfactory mucoadhesive properties when 
applied nasally (Horvát et al., 2009). It can be claimed that all MX-NE 
formulations exceeded the adhesive force and the adhesive work of 
the HA solution, meaning that the total mucoadhesion is higher. How
ever, they showed lower viscosity, which predicts further advantages in 
maintaining physiological ciliary activity. The results were evaluated 
statistically as well, using one-way ANOVA with post-hoc Tukey’s 
multiple comparison test. All MX-NE formulations had significantly 
higher adhesive markers, among them the MX-NE3 formulation had the 
highest adhesive work, which refers to the integrated mucoadhesion of a 
specific formulation. With these results (Fig. 2), it can be claimed that 
the formation of nanoemulsion with high negative zeta potential will 
result in significant mucoadhesiveness, which enables a permeation for 
a prolonged time period as they are more resistant against the elimi
nation mechanisms of mucociliary clearance. 

3.3.3. Spreading properties via contact angle measurement 
Proper spreading on biological surfaces, particularly on the hydro

phobic nasal mucosa is of paramount importance. By measuring the 
contact angles of the optimized nanoemulsion formulations (MX-NE1–4) 
against a purely hydrophobic surface (solid paraffin film), a proper 
spreading tendency was experienced. Generally, the spreading mecha
nism of surfactants over hydrophobic surfaces can be described as a slow 
transfer of the surfactant molecules onto the bare hydrophobic surfaces 
in front of the moving liquid (Lee et al., 2008). This phenomenon can be 
seen with the rapidly decreasing contact angle values in Fig. 3. With 
quick spreading, a higher surface of the nasal mucosa can be covered 
with the nanoemulsions predicting improved drug release and absorp
tion profile. 

3.4. Stability studies 

Physical stability refers to the permanence of droplet size and droplet 

Fig. 1. 2D surface plots of the Box-Behnken factorial design: the effect of the amount of Tween 80 and purified water on droplet size (A) and polydispersity index (B).  

Table 3 
Composition of the investigated MX-NE1–4 nanoemulsion formulations.   

MX-NE1 MX-NE2 MX-NE3 MX-NE4 

Tween 80 (g (% w/w)) 1.50 
(33.04) 

1.50 
(35.47) 

1.50 
(30.93) 

1.50 
(38.29) 

Ethanol (g (% w/w)) 1.30 
(28.64) 

0.70 
(16.55) 

1.30 
(26.81) 

0.70 
(17.87) 

Propylene glycol (g (% 
w/w)) 

0.70 
(15.42) 

1.00 
(23.65) 

1.00 
(20.62) 

0.70 
(17.67) 

Purified water (g (% w/ 
w)) 

0.90 
(19.83) 

0.90 
(21.28) 

0.90 
(18.56) 

0.90 
(22.97) 

Castor oil (g (% w/w)) 0.13 (2.86) 0.12 (2.84) 0.14 (2.89) 0.11 (2.81) 
MX (mg (% w/w)) 9.06 (0.2) 8.44 (0.2) 9.68 (0.2) 7.82 (0.2)  

Table 4 
Droplet size, polydispersity index, zeta potential, encapsulation efficiency and 
pH value of the selected nanoemulsion formulations. Results are presented as 
means ± SD (n = 3).   

Droplet size 
(nm) 

PdI zeta potential 
(mV) 

EE% pH 

MX- 
NE1 

150.5 ± 7.3 0.271 ±
0.026 

− 7.9 ± 1.9 63.7 ±
2.4 

5.71 ±
0.2 

MX- 
NE2 

231.5 ± 9.1 0.236 ±
0.017 

− 10.8 ± 1.3 78.1 ±
4.1 

5.49 ±
0.1 

MX- 
NE3 

158.5 ± 6.4 0.211 ±
0.023 

− 11.2 ± 1.5 79.2 ±
3.9 

5.63 ±
0.1 

MX- 
NE4 

257.4 ± 8.6 0.268 ±
0.041 

− 8.3 ± 1.7 62.1 ±
3.0 

5.78 ±
0.3  

Table 5 
Viscosity values of the MX-NE1–4 nanoemulsion formulations and the 
0.5% w/w HA solution.  

Sample Viscosity (mPa × s) 

MX-NE1 105.05 ± 1.15 
MX-NE2 42.29 ± 3.32 
MX-NE3 121.18 ± 4.99 
MX-NE4 40.03 ± 2.83 
0.5% w/w HA solution 158.18 ± 7.31  
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size distribution through storage. The formulations were stored at 
ambient temperature (25 ◦C) for 4 weeks and the measurements were 
carried out on every 7th day. The formulations remained stable and 
under the criteria limits of droplet size and PdI during the whole mea
surement, which indicates high stability. No visible separation was 
experienced. Dilution stability refers to the constancy of droplet size and 
droplet size distribution when the nanocarrier is faced against volume 
expansion and concentration decrease. Dilution stability is an important 
parameter in mimicking the physiological dilution process after nasal 
administration of the prepared nanoemulsions. If the system is main
taining physical stability, as it can be observed in the case of the MX- 
NE1–4 nanoformulations, the appearance remains transparent and the 
droplet size will be constant, which will allow uniform drug release as 
well as absorption profile during the administration. The droplet size 
slightly decreased, whilst the PdI slightly increased. It can be explained 
by the fact that the lower the concentration is, the bigger the distance is 
between each droplet. Consequently, a tendency can be observed to 
individual droplet formation which may vary in size and size distribu
tion. The results can be seen in Figs. 4 and 5. 

3.5. In vitro nasal applicability study 

3.5.1. In vitro nasal dissolution study and statistical analysis 
The in vitro drug release profiles of the MX-NE1–4 nanoemulsion 

formulations compared to the initial MX (suspended with SNES) can be 
seen in Fig. 5. Based on the curves, it can be concluded that the nano
emulsions allow a higher dissolution rate compared to the initial MX. 
Drug release from the system may be more inhibited in case of nano
emulsions, however, the achievement of the nano size range and its 
homogenous droplet size distribution led to a higher degree of release 
under nasal conditions. Besides the nano size range, the proper 
mucoadhesive properties allow higher residence time on the nasal mu
cosa which also benefit the release of drug per time period. The MX-NE1 
and MX-NE3 formulations showed higher drug release which can be 
explained by the droplet size difference in comparison to the other two 
formulations, i.e. their lower droplet size facilitates the drug transport 
across the membrane used. 

Model-independent statistical kinetics is a great tool to compare 
different formulations. The main calculated parameters were the 
following: percentage dissolution efficiency, mean dissolution time and 
relative dissolution. The 15-min measurement point was appointed for 
comparison as it is the average residence time on the nasal mucosa. The 
calculated parameters can be seen in Table 6. 

3.5.2. In vitro nasal diffusion study 
To simulate the absorption from the nasal cavity to the blood vessels, 

an in vitro nasal diffusion study was performed using a modified hori
zontal diffusion cell. The cumulative permeability values were calcu
lated from the measured concentrations via HPLC. In Fig. 6 the same 
tendency can be observed as from the dissolution study, where the 
permeated drug amount is higher in case of the MX-NE1–4 formulations 
compared to the initial MX. The same tendency can be experienced 
among the formulations as in case of the drug release study. The MX- 
NE3 formulation prevailed in the in vitro nasal diffusion study, which 
can be claimed with the low droplet size, with the highest encapsulation 
efficiency and mainly with the remarkable penetration enhancer effect 
due to the highest propylene glycol content compared to other 
formulations. 

The calculated flux and permeability coefficient values can be seen in 
Table 7. The results can be explained by the monodisperse nano size 
range, which allows uniform and higher permeability across membranes 
compared to the macro sized ranged initial MX. 

Fig. 2. Adhesive work of the MX-NE1–4 formulations compared to 0.5% w/w HA solution. The results are expressed as means ± SD (n = 5). Statistical analysis: 
Tukey’s multiple comparison test (n.s. p > 0.05, * p < 0.05, ** p < 0.01). 

Fig. 3. Contact angles of the optimized MX-loaded nanoemulsion formulations 
(MX-NE1–4) plotted against time. The results are expressed as average ± SD (n 
= 3). 
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3.5.3. In vitro cytotoxicity assay 
MTT assay was performed on NIH/3T3 mouse embryonic fibroblast 

cells to investigate the cytotoxic effect of MX nanoemulsions in com
parison to initial MX. Based on the measured inhibition values (Fig. 7), 

no significant difference (p > 0.05 at all levels) was experienced between 
MX nanoemulsions and initial MX. MX is a highly tolerable API even in 
higher dosages, therefore the nanoemulsion formulations can be safely 
applied intranasally with a minimal risk of nasal mucosa irritation. 

4. Conclusions 

In conclusion, 4 different nanoemulsion formulations were 
compared to determine the most suitable composition for nasal appli
cation. The nano size range in monodisperse distribution contributed to 
the high permeability and drug release of MX. The most appropriate 
rheological characteristics were acquired in case of MX-NE3 formulation 
with adequate wettability on hydrophobic surface, the highest 
mucoadhesion and the lowest viscosity which helps with the easy 
application. The low viscosity also promotes that the MX-NE3 formu
lation can be used in a nasal spray as well. These factors contributed to 

Fig. 4. Droplet size (A) and droplet size distribution (PdI) (B) values of the MX-NE1–4 nanoemulsion formulations during physical stability investigation. Results are 
expressed as means ± SD (n = 3). 

Fig. 5. In vitro drug release of MX-NE1–4 formulations compared to the initial 
MX at nasal conditions (SNES, 35 ◦C) from dialysis bags with 12–14 kD MWCO. 
The results are expressed as means ± SD (n = 3). 

Table 6 
Dissolution efficiency (%DE), mean dissolution time (MDT) and relative disso
lution (RD15 min) of the MX-NE1–4 nanoemulsion formulations compared to MX. 
Data are based on the average of the parallel drug release curves.  

Sample %DE MDT (min) RD15 min 

MX 4.14 35,36 1.00 
MX-NE1 54.32 17.14 13.121 
MX-NE2 49.67 17.89 11.996 
MX-NE3 61.12 16.64 14.763 
MX-NE4 46.15 17.79 11.147  
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the highest drug release and permeability at nasal conditions. A signif
icant cytotoxic effect of this formulation was also not observed 
compared to the initial MX. 

Overall, MX-NE3 nanoemulsion formulation is recommended to be 
applied intranasally to deliver a more efficient concentration of API to 
the blood stream with rapid onset of action and the protection from the 
gastrointestinal degradation metabolisms. 
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odology, Validation, Formal analysis, Resources, Writing – review & 
editing, Supervision, Project administration. Nimród Szivacski: Soft
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