
Journal Pre-proofs

Soluplus® promotes efficient transport of meloxicam to the central nervous
system via nasal administration

Bence Sipos, Zsolt Bella, Ilona Gróf, Szilvia Veszelka, Mária A. Deli,
Kálmán F. Szűcs, Anita Sztojkov-Ivanov, Eszter Ducza, Róbert Gáspár,
Gábor Kecskeméti, Tamás Janáky, Balázs Volk, Mária Budai-Szűcs, Rita
Ambrus, Piroska Szabó-Révész, Ildikó Csóka, Gábor Katona

PII: S0378-5173(23)00014-5
DOI: https://doi.org/10.1016/j.ijpharm.2023.122594
Reference: IJP 122594

To appear in: International Journal of Pharmaceutics

Received Date: 20 October 2022
Revised Date: 15 December 2022
Accepted Date: 5 January 2023

Please cite this article as: B. Sipos, Z. Bella, I. Gróf, S. Veszelka, M.A. Deli, K.F. Szűcs, A. Sztojkov-Ivanov, E.
Ducza, R. Gáspár, G. Kecskeméti, T. Janáky, B. Volk, M. Budai-Szűcs, R. Ambrus, P. Szabó-Révész, I. Csóka,
G. Katona, Soluplus® promotes efficient transport of meloxicam to the central nervous system via nasal
administration, International Journal of Pharmaceutics (2023), doi: https://doi.org/10.1016/j.ijpharm.
2023.122594

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition of a cover
page and metadata, and formatting for readability, but it is not yet the definitive version of record. This version
will undergo additional copyediting, typesetting and review before it is published in its final form, but we are
providing this version to give early visibility of the article. Please note that, during the production process, errors
may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

© 2023 Elsevier B.V. All rights reserved.

https://doi.org/10.1016/j.ijpharm.2023.122594
https://doi.org/10.1016/j.ijpharm.2023.122594
https://doi.org/10.1016/j.ijpharm.2023.122594


Soluplus® promotes efficient transport of meloxicam to the central nervous 
system via nasal administration

Bence Siposa, Zsolt Bellab, Ilona Grófc, Szilvia Veszelkac, Mária A. Delic, Kálmán F. Szűcsd, 
Anita Sztojkov-Ivanove, Eszter Duczae, Róbert Gáspárd, Gábor Kecskemétif, Tamás Janákyf, 
Balázs Volkg, Mária Budai-Szűcsa, Rita Ambrusa, Piroska Szabó-Révésza, Ildikó Csókaa, Gábor 
Katonaa, *

a Institute of Pharmaceutical Technology and Regulatory Affairs, Faculty of Pharmacy, 
University of Szeged, Eötvös Str. 6, H-6720 Szeged, Hungary

b Department of Oto-Rhino-Laryngology and Head-Neck Surgery, University of Szeged, Tisza 
Lajos Blvd. 111, H-6725 Szeged, Hungary

c Institute of Biophysics, Biological Research Centre, Szeged, Temesvári Blvd. 62, H-6726 
Szeged, Hungary 

d Department of Pharmacology and Pharmacotherapy, Albert Szent-Györgyi Medical School, 
Faculty of Medicine, University of Szeged, Hungary

e Department of Pharmacodynamics and Biopharmacy, Faculty of Pharmacy, University of 
Szeged, Eötvös Str. 6, H-6720 Szeged, Hungary

f Department of Medical Chemistry, Interdisciplinary Excellence Centre, University of Szeged, 
Dóm square 8, H-6720 Szeged, Hungary

g Directorate of Drug Substance Development, Egis Pharmaceuticals Plc., Keresztúri Str. 30 – 
38, H-1106 Budapest, Hungary

* Correspondence: Gábor Katona; katona.gabor@szte.hu

mailto:katona.gabor@szte.hu


Graphical abstract

Abstract

In our present series of experiments, we investigated the nasal applicability of the previously 
developed Soluplus® - Meloxicam polymeric micelle formulation. Utilizing the nasal drug 
investigations, moderately high mucoadhesion was experienced in nasal conditions which 
alongside the appropriate physicochemical properties in liquid state, contributed to rapid drug 
absorption through human RPMI 2650 cell line. Ex vivo studies also confirmed that higher nasal 
mucosal permeation could be expected with the polymeric micelle nanoformulation compared 
to a regular MEL suspension. Also, the nanoformulation met the requirements to provide rapid 
drug permeation in less 1 hour of our measurement. The non-toxic, non-cell barrier damaging 
formulation also proved to provide a successful passive transport across excides human nasal 
mucosa. Based on our in vivo investigations, it can be concluded that the polymeric micelle 
formulation provides higher meloxicam transport to the central nervous system followed by a 
slow and long-lasting elimination process compared to prior results where physical particle size 
reduction methods were applied. With these results, a promising solution and nanocarrier is 
proposed for the successful transport of non-steroidal anti-inflammatory drugs with acidic 
character to the brain.
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1. Introduction

Administration of drugs to the central nervous system (CNS) is a challenging area in the 
medical field due to its many biological and pharmaceutical technological aspects. The need 
for efficient treatment of various CNS-related diseases is of paramount importance in today’s 
research and development processes. The increasing prevalence of neurodegenerative diseases 
(such as Alzheimer’s Disease, Parkinson’s Disease etc.) holds the demand for novel and 
innovative products on the market which may help in their efficient therapy (Goldsmith et al., 
2014; Saraiva et al., 2016). The problem also lies in the fact that potential drug candidates of 
these diseases cannot access the CNS in a sufficient concentration for clinical investigations. 
This challenge requires novel drug delivery systems, which are suitable for efficient transport 
to the CNS, where a drug concentration sufficient for further investigations would be achieved 
(Wohlfart et al., 2012; Wong et al., 2019).

These neurodegenerative diseases are often associated with the inflammation of brain tissue, 
the so-called neuroinflammation (Sharma 2011; Shabab et al., 2016). The mechanism behind 
this condition is that the inflammatory cytokine balance is disrupted towards the emergence of 
the pro-inflammatory cytokines such as cyclooxygenase (COX). The treatment of COX 
enzyme-mediated neuroinflammation plays a pivotal role and holds a high demand in the field 
of unmet clinical needs (Choi et al., 2013; Heneka et al., 2015). Current potential drug 
candidates are hindered by their inability to bypass the blood-brain barrier (BBB) (Szabó-
Révész, 2018). Epidemiological studies proved that long-term use of non-steroidal anti-
inflammatory agents (NSAIDs) decrease the risk of Alzheimer’s Disease and prolongs its 
prognosis (McGeer and McGeer, 2007; Pasqualetti et al., 2009). In vitro and in vivo studies also 
proved that COX inhibition helps with the symptoms of neuroinflammation. Therefore, the 
possibility of introducing NSAIDs as COX enzyme inhibitors to the CNS represents a 
promising solution. The main protection mechanism is based on mitochondria depolarization 
and the inhibition of calcium uptake. This is possible due to the ionizable carboxylic groups of 
the NSAIDs, which have a similar effect to mild mitochondrial uncouplers (Calvo-Rodríguez 
et al., 2015; Sanz-Blasco et al., 2018).

Polymeric micelles are one of the novel nanocarriers. These nanomedicines can offer increased 
solubility, enhanced drug release and permeability through biological barriers. Polymeric 
micelles are made up by the so-called amphiphilic graft co-polymers, which just like classic 
micellar systems prepared by surfactants, tend to self-associate above the critical micellar 
concentration (CMC) and temperature, allowing a highly efficient drug encapsulation (Sipos et 
al., 2020; Ghezzi et al., 2021; Sipos et al., 2022). Generally, they can be described as non-toxic 
agents and they do not harm the cell membranes, less likely than in case of classic surfactant-
like molecules (Zakharova et al., 2019; Katona et al., 2022). Their main advantage might lie in 
the fact that they can transport poorly water soluble active pharmaceutical ingredients (APIs) 
with low permeation tendency across biological barriers difficult to get through, such as the 
BBB (Sun et al., 2020). Based on the molecular weight of the co-polymer, the surface charge, 
the presence of surface modifying ligands and the desired route, various transport mechanisms 
can be experienced. Polymeric micelles with positively charged surface usually accumulate in 
the mucus layer followed by the passive diffusion of the drug. This mechanism is usually 



exploited when a local effect is desired with rapid onset of action. Polymeric micelles with 
negative charge or without charge on the micellar surface can be categorized as 
mucopenetrating micelles, where the biological mucus layer allows the micellar carriers to be 
absorbed via transcytosis or paracellular transport (Pepic et al., 2013). With proper 
characterization of the micellar system via the determination of zeta potential, as the value of 
the surface charge in liquid state, the therapeutic aspects can be taken into consideration prior 
to administration or even prior to drug selection. Moreover, micellar systems presenting 
polyethylene glycol (PEG) and other hydrophilic moieties at their surface are less prone to the 
scavenging process by the macrophages (Thotakura et al., 2020). This holds the information 
that PEG-based copolymers are more stable in circulation, allowing a higher residence time and 
protection against the biological environmental conditions, unlike co-polymers which are based 
for instance on polylactic acid (PLA) showing lower stability (Watanabe et al., 2006; Owen et 
al., 2012).

Besides choosing the proper drug and nanocarrier, the adequate administration route is just as 
important. By administering nanomedicines via the nasal route, a higher bioavailability can be 
achieved (Sabir et al., 2021). This is due to the fact that the nasal mucosa is highly vascularized 
with a large surface allowing a prominent drug transport across this barrier (Warnken et al., 
2016; Sipos et al., 2021). After administration, the drug and the drug-loaded carrier system can 
take up on two pathways. The first is the nose-to-blood transport route, where the penetration 
occurs across the nasal mucosa followed by a rapid uptake to the blood vessels. Speaking of 
brain targeting, the absorbed substance can circulate through the body prior to drug and/or drug-
loaded carrier absorption through the BBB (Khan et al., 2017). Polymeric micelles are among 
the best carrier systems for this role, as they show high circulation and dilution stability under 
these conditions (Owen et al., 2012). The other main advantage is the nose-to-brain pathway, 
which is made possible by the high innervation of olfactory nerves in the nasal mucosa 
(Pardeshi and Belgamwar, 2013). This allows a rapid solution to bypass the BBB where the 
intact carrier and/or drug can travel across the nerval pathways directly to the brain (Khan et 
al., 2017; Li et al., 2017). The concrete mechanism has been not yet fully explored in case of 
polymeric micelles; however, the beneficial effects can be experienced in case of enhanced 
brain targeting. Furthermore, studies have proven that Alzheimer’s Disease most likely begins 
in the nerve network of the olfactory region where initial amyloid plaque formation can appear 
(Agrawal et al., 2018).

Previously, we developed a meloxicam (MEL)-loaded Soluplus® (SP) polymeric micelle 
system (SP-MEL) for nasal administration which has been structurally and in vitro tested for 
nasal administration (Sipos et al., 2020). SP was chosen as a biodegradable co-polymer which 
has a low toxicity potential (LD50, oral > 5,000 mg/kg) besides the high solubilization capacity. 
The encapsulation was performed by utilizing SP which has a low CMC value in water besides 
its non-toxic behavior. The nanoparticles had an average particle size of 100.47 nm in 
monodisperse distribution with a polydispersity index (PdI) of 0.149 and high colloidal stability 
with a zeta potential of – 26.7 mV preventing colloidal aggregation. Small and uniform particle 
size contributes to a uniform and rapid drug absorption profile across mucosal barriers, that is 
why it is important to keep the PdI as low as possible, most commonly below 0.300. The 
negative surface charge as explained above also contributes to carrier-intact paracellular or 



transcytosis-based take-up mechanisms. The physicochemical characteristics of the dissolved 
product meets the requirements of the nasal administration. Its hypotonic nature (240 
mOsmol/l) can increase drug absorption alongside with the permeation enhancing effect of SP 
(Hong et al., 2019). The viscosity of the formulation (32.5 mPas) is also suitable to form an 
intranasal liquid formulation as it can be administered as a nasal drop or a spray. This low 
viscosity also contributes to a faster drug release as highly viscous formulation result in slower 
diffusion from the carrier matrix. The SP-MEL formulation provided a higher drug release in 
simulated nasal conditions as well as high drug absorption through artificial membranes.

Our goal with this present series of experiments is to justify that SP can efficiently promote the 
transport of MEL, a model drug with low water solubility and brain permeability to the CNS. 
Our hypothesis is that via nasal administration, higher concentrations of MEL can be achieved 
in the CNS. By the formulation of the nanocarrier, the administration of small molecular weight 
NSAIDs can be achieved. This would lead to gain an adequate concentration of the API in the 
central nervous system and it would open up the possibility to perform a better executed clinical 
trials later on to further describe the beneficial effects of NSAIDs in the treatment of 
neuroinflammation. To confirm our previous in vitro results, we performed nasal applicability 
studies starting from mucoadhesion and cell line studies, ex vivo penetration studies and we 
investigated the in vivo pharmacokinetics of this formulation.

2. Materials and methods
2.1.  Materials

MEL (4-hydroxy-2-methyl-N-(5-methyl-2-thiazolyl)-2H-1,2-benzothiazine-3-carboxamid-
1,1-dioxide) was applied as a model drug in our studies and acquired from EGIS 
Pharmaceuticals Plc. (Budapest, Hungary). Soluplus® (SP, polyvinyl caprolactam – polyvinyl 
acetate – polyethylene glycol graft co-polymer (PCL-PVAc-PEG)) as a micelle-forming agent 
was kindly gifted from BASF GmbH (Hannover, Germany). Simulated Nasal Electrolyte 
Solution (SNES) as a simulated nasal fluid was applied during some measurements which is 
composed of 8.77 g sodium chloride, 2.98 g potassium chloride, 0.59 g anhydrous calcium 
chloride in 1000 ml of deionized water at pH 5.6 (Castile et al., 2013). Chemicals for SNES as 
well as disodium phosphate, monopotassium phosphate for pH 7.4 phosphate-buffered saline 
(PBS) solution and all the other excipients for our measurements were acquired from Sigma-
Aldrich Co. Ltd. (Budapest, Hungary) unless otherwise indicated.

2.2.  Formulation of MEL-loaded polymeric micelles

For each investigation, formulations were prepared freshly, utilizing the thin-film hydration 
formulation method, which proved to be successful previously after factorial design-based 
optimization (Sipos et al., 2020). Briefly, 15 mg of MEL was weighed into a beaker, it was 
dissolved with a few drops of 0.1 M sodium hydroxide solution (NaOH) and 10 ml of ethanol. 
100 mg SP was added and the resulting solution was concentrated with a Büchi R-210 (Büchi, 
Flawil, Switzerland) rotary vacuum evaporator (50 °C with gradually decreasing pressure from 
1000 to 100 bar with a rate of 50 bar/min, followed by 10 to 15 minutes of drying at 100 bar). 
After hydration of the polymeric film with purified water, the pH was adjusted between 5.6 and 
7.4 and 5 % w/v D-trehalose dihydrate was dissolved with the formulation. Therafter, 1 ml 



aliquots were freeze-dried at – 40 °C for 12 h under a 0.013 mbar pressure with additional 3 h 
secondary drying at 25 °C using a ScanVac CoolSafe 100-9 (LaboGene, ApS, Lynge, Denmark) 
laboratory apparatus. After the freeze-drying process, samples were redispersed in a nominal 
MEL concentration of 2.5 mg/ml.

2.3.  Dynamic light scattering measurements (DLS)

Prior to each investigation, the freshly prepared samples were evaluated via dynamic light 
scattering using a Malvern Zetasizer Nano ZS (Malvern Instruments, Worcestershire, UK) 
apparatus. The water dispersed freeze-dried cakes were measured at 25 °C in folded capillary 
cells with a set refractive index of 1.72. Each measurement was carried out in triplicate. The 
acceptance criteria were the following: average hydrodynamic diameter between 80 to 150 nm, 
with a PdI less than 0.300 and a zeta potential below – 20 mV. If the formulation met these 
requirements, it was selected for further investigations demonstrated in this article.

2.4.  Quantification of MEL concentration via HPLC

To determine the concentration of MEL during the experiments, high performance liquid 
chromatography (HPLC) was performed using an Agilent 1260 (Agilent Technologies, Santa 
Clara, CA, USA) device. The stationary phase was a Kinetex® C18 column (5 µm, 150 mm x 
4.6 mm (Phenomenex, Torrance, CA, USA)). The injection volume was 10 µl. The temperature 
was set at 30 °C. As mobile phases, a 0.065 M KH2PO4 solution adjusted to pH 2.8 with 
phosphoric acid (A) and methanol (B) were used. A two-step gradient elution was used for the 
separation. The starting proportion of 50 % A eluent was reduced to 25 % in 14 minutes, and 
then raised again to 50 % in 20 minutes. The eluent flow rate was 1 ml/min and the detection 
of the chromatograms was carried out at 355 ± 4 nm using UV-Vis diode array detector. Data 
were evaluated using a ChemStation B.04.03 software (Agilent Technologies, Santa Clara, CA, 
USA). The retention time of MEL was detected at 14.34 min. The determined limit of detection 
(LOD) and quantification (LOQ) were 16 ppm and 49 ppm, respectively (Sipos et al., 2020).

2.5.  In vitro mucoadhesion study

To investigate the mucoadhesive properties of the SP-MEL formulation via tensile test, a TA-
XT Plus (Texture Analyser (Metron Ltd., Budapest) instrument equipped with a 5 kg load cell 
and a 1 cm-in-diameter cylinder probe was used (Horváth et al., 2015; Budai-Szűcs et al., 2018). 
The SP-MEL formulation and blank SP solution were placed in contact with a wetted filter 
paper. For wetting, 50 µl of an 8 % w/w mucin dispersion as simulated mucosal membrane was 
used, where the mucin dispersion was prepared with a pH 5.6 SNES. 5 parallel measurements 
were performed. 20 mg of the samples was attached to the probe and placed in contact with the 
mucin wetted filter paper. A 2500 mN preload was used for a duration of 3 minutes and the 
cylinder probe was moved upwards separating the sample from the substrate with a prefixed 
speed of 2.5 mm/min. The adhesive force as the maximum detachment force and the work of 
adhesion were measured. The work of adhesion was calculated as the area (AUC) under the 
force versus distance curve. The formulations were thermostated at 37 °C for 30 minutes before 
the measurement and the experiment was carried out at this temperature. As references, SP and 
the SP-MEL formulation were measured without the presence of mucin as negative controls, 



and as positive controls, 0.5 % w/v hyaluronic acid solution was applied due to its well-known 
mucoadhesive properties.

2.6.  Cell cultures

Human nasal epithelial cells (RPMI 2650; ATCC cat. no. CCL 30) were grown in Dulbecco’s 
Modified Eagle’s Medium (DMEM, Gibco, Life Technologies, USA) supplemented with 10% 
fetal bovine serum (FBS, Pan-Biotech GmbH, Germany) in a humidified 37 °C incubator in 
presence of 5% carbon dioxide and 50 µg/ml gentamicin in order to prevent infection of the 
cells. The surfaces of the culture dishes were coated with 0.05% rat tail collagen dissolved in 
sterile distilled water before cell seeding and the medium was changed every 2 days. When 
RPMI 2650 cells reached approximately 80 – 90% confluency in the dish, they were trypsinized 
with 0.05% trypsin and 0.02% EDTA solution. One day before the experiment, retinoic acid 
(10 µM) and hydrocortisone (500 nM) were added to the cells to form a tighter barrier (Kürti 
et al., 2013a). For the permeability measurements, epithelial cells were co-cultured with human 
vascular endothelial cells to create a more physiological barrier representing both the nasal 
epithelium and the submucosal vascular endothelium (Pedroso et al., 2011; Cecchelli et al., 
2014). The human vascular endothelial cells were differentiated from CD34+ stem cells isolated 
from human umbilical cord blood as described earlier (Pedroso et al., 2011). Frozen batches of 
human vascular endothelial cells were received from the Laboratoire de la Barrière Hémato-
Encéphalique, University of Artois, Lens, France. The endothelial cells were grown in 
endothelial culture medium (ECM-NG, Sciencell, USA) supplemented with 5% FBS, 1% 
endothelial growth supplement (ECGS, Sciencell, USA) and 0.5% gentamicin on 0.2% 
gelatine-coated culture dishes (10 cm diameter). For the permeability experiment, cells were 
used at passage 8.

2.7.  Cell viability assay

To follow cell damage and/or protection in living barrier forming cells and to quantify the 
viability of adherent cells, real-time cell electronic sensing technique was used. To register the 
impedance of cell layers, a RTCA-SP instrument (ACEA Biosciences, USA) was used. The 
registration took place every 10 min and the cell index was defined at each time point. The cell 
index was defined as (Rn -Rb)/15, where Rn is the cell-electrode impedance of the wall when it 
contains cells and Rb is the background impedance. E-plates with 96-well and built-in gold 
electrodes were coated in 0.2% gelatine and placed for 20 min in the incubator. After the 
incubation, the gelatine was removed and 50 µl of the culture medium was added to each well. 
The dispensed RPMI 2650 cell suspension had a density of 2 × 104 cells/well. When cells 
reached a steady growth phase, they were treated with SP-MEL and the building components. 
For the cell viability measurements 10×, 30× and 100× dilutions from SP-MEL formulation as 
well as 2.5 mg/ml MEL suspension, 83.3 mg/ml D-trehalose dihydrate, 16.7 mg/ml SP 
solutions, corresponding to the concentration of components in SP-MEL formulation were 
prepared in cell culture medium.

2.8.  Permeability study on the cell culture model

For the permeability experiments RPMI 2650 cells were cultured on inserts (Transwell, 
polycarbonate membrane, 3 µm pore size, 1.12 cm2, Corning Costar Co., MA, USA) placed in 



12-well plates in the presence of endothelial cells for 5 days (Figure 1). To prepare the co-
culture model, endothelial cells were passaged (1 × 105 cells/cm2) to the bottom side of tissue 
culture inserts coated with low growth factor containing Matrigel (BD Biosciences, NJ, USA) 
then the cells were kept in an incubator for 3 hours. After cell adhesion, cell culture inserts were 
placed in 12-well culture dishes containing 1.5 ml of endothelial culture medium, and RPMI 
2650 nasal epithelial cells were pipetted (2 × 105 cells/cm2) onto the upper surface of the 
membrane, which were coated with rat tail collagen previously. The establishment of the co-
culture model is illustrated in Figure 1. 

Figure 1. The assembly of the human nasal epithelial cell and vascular endothelial cell co-

culture model.

Transepithelial electrical resistance (TEER) was measured to check the barrier integrity by an 
EVOM voltohmmeter (World Precision Instruments, USA) combined with STX-2 electrodes, 
and was expressed relative to the surface area of the monolayers as Ω × cm2. TEER of cell-free 
inserts was subtracted from the measured data. After the cell layer reached steady TEER values, 
the cells were treated. For the permeability experiments the inserts were transferred to 12-well 
plates containing 1.5 ml Ringer-HEPES buffer in the acceptor compartments. In the donor 
compartments 0.5 ml buffer was pipetted containing MEL or the SP-MEL polymeric micelle 
formulation. In static in vitro models the unstirred water layer above the barrier forming cells 
slows molecular diffusion and affects the Papp of compounds (Youdim et al. 2003). To reduce 
the formation of this aqueous layer and increase the reproducibility of results a moderate 
shaking procedure is suggested for permeability assays (Youdim et al. 2003). In our 
experiments the plates were kept on a horizontal shaker (120 rpm; PSU-2T, Biosan, Riga, 
Latvia) during the assay which lasted for 60 min. Samples from both compartments were 
collected and the MEL concentration was measured by HPLC. To determine the tightness of 
the nasal epithelial co-culture model two passive permeability marker molecules were tested 
after the permeability experiment. In the donor compartments 0.5 ml buffer containing 
fluorescein isothiocyanate (FITC)-labeled dextran (FD10, 10 μg/ml; Mw: 10 kDa) and Evans 
blue labeled albumin (167.5 μg/ml Evans blue dye and 10 mg/ml bovine serum albumin; MW: 
67.5 kDa) was added. The inserts were kept in 12-well plates on a horizontal shaker (120 rpm) 
for 30 min. The concentrations of the marker molecules in the samples from the compartments 
were determined by a fluorescence multiwell plate reader (Fluostar Optima, BMG 
Labtechnologies, Germany; FITC: excitation wavelength: 485 nm, emission wavelength: 520 
nm; Evans-blue labeled albumin: excitation wavelength: 584 nm, emission wavelength: 680 



nm).  The apparent permeability coefficients (Papp) were calculated as described previously 
(Bocsik et al., 2019). Briefly, cleared volume was calculated from the concentration difference 
of the tracer in the acceptor compartment (Δ[C]A) after 30 min and in donor compartments at 0 
hour ([C]D), the volume of the acceptor compartment (VA; 1.5 ml) and the surface area available 
for permeability (A; 1.1 cm2) using this equation:

𝑃𝑎𝑝𝑝(𝑐𝑚
𝑠 ) =  

∆[𝐶]𝐴𝑥 𝑉𝐴

𝐴 𝑥 [𝐶]𝐷𝑥∆𝑡
(1)

For the permeability measurement, 2.5 mg/ml MEL and 10× dilution of SP-MEL were prepared 
in Ringer-Hepes buffer and added to the donor compartments.

2.9.  Immunohistochemistry

To evaluate morphological changes in RPMI 2650 cells caused by the MEL-loaded polymeric 
micelle formulation, immunostaining for junctional proteins zonula occludens protein-1 (ZO-
1) and β-catenin was made. After the permeability experiments, cells on culture inserts were 
washed with phosphate buffer (PBS) and fixed with ice cold methanol-acetone (1:1) solution 
for 2 min then washed with PBS. The nonspecific binding sites were blocked with 3% bovine 
serum albumin in PBS. Primary antibodies rabbit anti-ZO-1 (AB_138452, 1:400; Life 
Technologies, USA) and rabbit anti-β-catenin (AB_476831, 1:400) were applied as overnight 
treatment at 4 °C. Incubation with secondary antibodies anti-rabbit IgG Cy3 conjugated 
(AB_258792, 1:400) lasted for 1 hour and Hoechst dye 33342 was used to stain cell nuclei. 
After mounting the samples (Fluoromount-G; Southern Biotech, USA) staining was visualized 
by Leica TCS SP5 confocal laser scanning microscope (Leica Microsystems GmbH, Germany).

2.10. Ex vivo semiquantitative permeability study across nasal mucosa

Ex vivo permeability tests were performed on human nasal mucosa (mucoperiosteum). The 
pieces of the nasal mucosa for primary study were collected during daily clinical routine nasal 
and sinus surgeries (septoplasty) under general or local anesthesia. The patients were all female 
between 40 and 50 years. The surgical field was infiltrated with 1 % w/v Lidocain-Tonogen 
local injection and the mucosa was lifted from its base with a raspotirum or Cottle elevator. 
Transport from the operating room to the laboratory is performed in physiological saline 
solution. All experiments were performed freshly after the removal of the tissue. The 
experiments have been carried out under approval of University of Szeged’s institutional ethics 
committee (ETT-TUKEB: IV/3880-1/2021/EKU). The nasal mucosa was excised with surgical 
scalpel into uniform square segments with a diameter of 6 mm to provide appropriate are of the 
semiquantitative study and it would fit into the membrane inserts for the later described 
quantitative study.

5 µl of MEL suspension (2.5 mg/ml) and the SP-MEL formulation have been instilled on the 
epithelial surface of the nasal mucosa. After an incubation time of 1 h at 37 °C, the formulations 
were washed twice with physiological saline solution and the nasal mucosa was divided into 20 
µm thick cross-sections into the incision point (Leica CM1950 cryostat (Leica Biosystems 
GmbH, Wetzlar, Germany), then inverted to the cross-sectional side and placed on aluminum 
foil-coated glass slides. Ex vivo Raman chemical mapping was performed to describe the 



penetration pattern of the polymeric micelle formulation across the nasal mucosa using a 
ThermoFisher XRD Dispersive Raman instrument (ThermoFisher Scientific Inc., Waltham, 
MA, USA) equipped with a CCD camera and a diode laser operating at the wavelength of 780 
nm. A 500 µm × 500 µm surface was analyzed with a step size of 50 µm. The exposure time 
was set at 4 s with an acquisition time of 4 s, for a total of 16 scans per spectrum in the spectral 
range of 3500 to 200 cm-1. Cosmic-ray and fluorescence corrections have been performed. The 
Raman spectra were normalized to eliminate the intensity deviation between the measured areas 
(Sipos et al., 2020).

2.11. Ex vivo quantitative permeability study across nasal mucosa

To investigate ex vivo the transmucosal passive diffusion, a modified Side-Bi-Side® type 
horizontal diffusion apparatus was applied. The setting was previously developed by our 
research team and is validated to investigate nasal powders and liquids as well. For further 
information, Gieszinger et al. reported the apparatus with proper description (Gieszinger et al., 
2021). The diffusion of MEL suspension (2.5 mg/ml) and SP-MEL formulation was tested 
across the excised human nasal mucosa. The nasal mucosa was mounted between the donor and 
the acceptor compartments with a diffusion surface area of 0.785 cm2 completely covering the 
membrane insert hole with a diameter of 5 mm. The donor was prepared by mixing 1.0 ml of 
the formulations with 8.0 ml of SNES while the acceptor phase contained 9.0 ml of pH 7.4 PBS 
to simulate nasal conditions. The temperature of the chambers was controlled at 35 ± 0.5 °C 
using a heating circulator (ThermoHaake C 10-P5, Sigma-Aldrich Co., Ltd., Budapest, 
Hungary). The compartments were continuously stirred at 100 rpm using magnetic stirrers. 100 
µl aliquots from the acceptor phase were taken at predetermined time points and immediately 
replaced with fresh medium. The concentration of MEL was determined by HPLC. The flux (J 
(µg/cm2/h)) was calculated from the permeated drug quantity through the nasal mucosa (mt), 
divided by the surface of the membrane insert (A) and the duration of the investigation (t) (Eq. 
2). The permeability coefficient (Kp (cm/h)) was determined by dividing the flux (J) with the 
drug concentration in the donor phase (Cd (µg/cm3)) (Sipos et al., 2021; Sipos et al., 2022).

𝐽 =  
𝑚𝑡

𝐴 𝑥 𝑡
(2)

𝐾𝑝 =
𝐽

𝐶𝑑

(3)

2.12. In vivo animal studies

All the experiments involving animal subjects were carried out with the approval of the National 
Scientific Ethical Committee on Animal Experimentation (permission number: IV/1247/2017). 
The animals were treated in accordance with the European Communities Council Directives 
(2010/63/EU) and the Hungarian Act for the Protection of Animals in Research (Article 32 of 
Act XXVIII). A 60-µg dose of MEL from the 2.5 mg/ml SP-MEL formulation was administered 
into the right nostril of 160 – 180 g male Sprague Dawley rats (n = 24) via a pipette. At 
predetermined time points (5, 15, 30, 60, 120 and 240 min), the blood of the rats (under 



isoflurane anesthesia) was collected into heparinized tubes via cardiac puncture. Then, the 
animals were sacrificed by decapitation and brain tissues were removed, rinsed in ice-cold PBS, 
weighed and stored at – 80 °C until assayed. 

Plasma samples were centrifuged at 1500 × g for 10 min at 5 °C. To 100 µl of plasma sample, 
10 µl of 0.1 % w/v aqueous formic acid and 330 µl acetonitrile containing 110 ng piroxicam 
(internal standard) were added and the mixture was spun for 60 s. The mixture was allowed to 
rest for 30 min at – 20 °C to support protein precipitation. The supernatant was obtained via the 
centrifugation of the mixture for 10 min at 10,000 × g at 4 °C. 20 µl of clear supernatant was 
diluted using 380 µl 0.1 % w/v aqueous formic acid and stirred for 30 s. 5 µl was injected into 
the LC-MS/MS system for analysis. The rat plasma calibration standards of MEL were prepared 
by moving the working standard solutions (in concentration range between 234 to 5000 ng/ml) 
into a pool of drug-free rat plasma. The sample preparation procedure described above was 
followed. The sample preparation procedure described above was followed.

Whole brain (1.6 to 2.0 g) of rats were homogenized in 1 % v/v aqueous acetic acid (1 g tissue/4 
mL) using an UCD-500 ultrasonic cell disrupter (Biobase Biodustry, Shandong, China) in an 
ice bath for 2 min, interrupted by cooling. To 200 µL of brain homogenate, 10 µL of 0.1 % w/v 
aqueous formic acid and 630 µL ice cold acetonitrile containing 1.6 ng piroxicam (internal 
standard) and 40 µL 0.1 M perchloric acid were added. The mixture was vortex-mixed for 60 s 
and allowed to rest for 30 min – 20 °C. After centrifugation for 10 min at 10,000 × g at 4 °C, 
100 µL supernatant was diluted with 100 µL of 0.1 % w/v aqueous formic acid, vortexed and 
20 µL was analyzed by LC–MS/MS. Rat brain calibration standards of MEL were prepared by 
moving the working standard solutions (in concentration range between 2.35 to 50 ng/mL) into 
a pool of drug-free rat brain homogenate. The sample preparation procedure described above 
was followed.

2.13. LC-MS/MS analysis of in vivo studies

The quantitative analysis of MEL was performed by using a Waters Acquity I-Class UPLCTM 
system (Waters, Manchester, UK), connected to a Q ExactiveTM Plus Orbitrap mass 
spectrometer (Thermo Fisher Scientific, San Jose, CA, USA) equipped with a heated ESI ion 
source (HESI). Gradient chromatographic separation was performed at room temperature on a 
Acquity BEH C18 column (50 mm × 2.1 mm, particle size 1,7 µm) protected by a C18 guard 
column (2 × 2 mm, Phenomenex, Torrance, CA, USA) by using 0.1% aqueous formic acid as 
Solvent A and acetonitrile with 0.1% formic acid as Solvent B. The gradient applied for the 
analysis can be seen in Table 1.

Table 1. Gradient applied for the analysis of MEL using      LC-MS/MS analysis for the in vivo 
studies.

Time (min) Eluent A (%) Eluent B (%) Flow rate (µl/min)

0 65 35 300

2 45 55 300



2.1 0 100 600

2.6 0 100 600

2.7 65 35 600

3.7 65 35 600

3.8 65 35 300

4.5 65 35 300

The mass spectrometer was used in a positive mode with the following parameters of the HESI 
source: spray voltage at 3.5 kV, capillary temperature at 256 °C, aux gas heater temperature at 
406 °C, sheath gas flow rate at 47.5 l/h, aux gas flow rate at 11.25 l/h, sweep gas flow rate at 
2.25 L/h, and S-lens radio frequency (RF) level at 50.0 (source auto-defaults). Parallel-reaction-
monitoring (PRM) mode was used for quantifying by monitoring the following transitions: m/z 
352 → 115 for MEL and m/z 332 → 95 for piroxicam. Due to the low concentrations of MEL 
in the biological samples, piroxicam was applied in order to achieve the analysis via standard 
addition and the transition degree matches with MEL as they are similar in structure. The 
normalized collision energies (NCEs) for specific quantification were optimized to maximize 
the sensitivity. The NCEs were 24 for MEL and 29 for piroxicam. A valve placed after the 
analytical column was programmed to switch the flow onto MS only when analytes of interest 
elute from the column (1.15–2.15 min) to prevent excessive contamination of the ion source 
and ion optics. Washing procedures of the autosampler before and after injecting samples were 
programmed in order to avoid the carry-over of analytes. Data acquisition and processing were 
carried out using Xcalibur and Quan Browser (version 4.5.474.0) software (Thermo Fisher 
Scientific, San Jose, CA, USA). 

2.14. Pharmacokinetic studies

Pharmacokinetic parameters were analyzed via PK Solver 2.0 Software through non-
compartmental analysis of the measured brain and plasma data. The area under the curve (AUC) 
of the time (min) – concentration curves of each animal were fitted with a linear trapezoidal 
method (Alshweiat et al., 2020). All reported data are means ± SD.

3. Results and discussion
3.1.  In vitro mucoadhesion study

Based on the previous results mentioned earlier regarding the SP-MEL formulation, adequate 
nasal administration can be achieved due to its physicochemical properties. The adhesion to the 
nasal mucosa, expressed as mucoadhesion, plays a pivotal rule in the successful and efficient 
absorption of nanocarriers through the nasal route by increasing the residence time of intranasal 
administered formulations inhibiting the rapid elimination through mucociliary clearance. 
Mucoadhesive properties of polymeric micelle forming polymers can be characterized with 
good features. The surface residence time provided by the polymer depends on its ability to 
form physical and/or chemical secondary bonds (e.g., hydrogen bonds) between the outer shell 
and the nasal mucosa. SP itself in aqueous solution forms polymeric micelles where the shell’s 



surface is covered by hydroxyl groups originated from the PEG 6000 chain. This allows bond 
formation, therefore increased residence time (Ascentiis et al., 1995; Shojaei and Li, 1997). To 
test whether the adhesive force needed to separate the formulation from the simulated nasal 
membrane and the adhesive work referring to the whole mucoadhesion process are influenced 
by MEL loading, tensile test was applied (Sipos et al., 2021). Based on the results in Figure 2., 
no significant (p > 0.05, not significant) decrease can be experienced after drug loading. A slight 
decrease can be justified by the orientation of polymeric chains towards the hydrophilic 
molecule parts of MEL; however, a moderately high force and work can be claimed about the 
formulation itself. Another advantage of this result is that via this moderate mucoadhesion, 
rapid drug release is expected and tested in vitro before (Sipos et al., 2020), therefore not 
hindering the quick transport of the nanocarriers via either nose-to-blood or nose-to-brain 
transport. It is also clearly indicated that strong mucoadhesion cannot be claimed about the 
formulations compared to a commonly applied mucoadhesive agent in a typical concentration, 
which is a 0.5% w/v hyaluronic acid solution. Without mucin, negligible adhesion properties 
could be experienced which also indicates that the main forces occur between the formulation 
and the mucin itself. Thus, as the value of mucoadhesive force and work regarding the 
formulation and the co-polymer SP solution lies in between these values, a moderately high 
mucoadhesion can characterize the product.

 

Figure 2. Mucoadhesive force (A) and mucoadhesive work (B) measured during the tensile 
test. The column diagram represents the average of 5 measurements with standard deviation. 
Statistical analysis: n.s. (not significant), p > 0.05. As positive control 0.5% w/v hyaluronic acid 
(HyA) solution was applied and as negative controls, mucinless experiments were carried out. 

3.2.  Cell viability assay

The potential toxicity of polymeric nanoparticles is the main problem concerning their use in 
medicine, however due to their specificity and efficacy, their utilization as advanced drug 
delivery systems in targeted drug delivery shows a growing demand (Patel et al., 2021). 
Therefore, to dispel the toxicity concerns in terms of the developed formulation, cell viability 
assay was conducted. Impedance measurement, as a sensitive method to detect alternation in 
cellular viability, did not show cell damage after the 1-hour treatment of the tested SP-MEL 
formulation or its own components (Figure 3). Different dilution series was investigated for 
each component representing the dilution process in the nasal cavity. The measured and 
calculated normalized cell index percentages remained in the adequate ratio compared to the 



control group. As a reference compound to cause cell death, Triton X-100 detergent was applied 
which decreased cell impedance to baseline (Figure 3). No significant difference (p > 0.05) in 
the normalized cell index was obtained in case of neither MEL, SP, D-TRE nor SP-MEL in 
comparison to control group. These results contribute to the fact that SP-MEL can be safely 
administered through the nasal cavity as previous studies has also proved and also it reflects to 
the non-toxic behavior of SP as well on RPMI 2650 cell line. Similar results were obtained by 
Alopaeus et al. according to which even a 10 % w/w SP solution did not show cytotoxic effect 
on HT29-MTX cell lines (Alopaeus et al., 2019). Moreover, it has been revealed SP was 
biocompatible towards mucus-producing HT29-MTX cells, indicating no inhibition in mucin 
secretion, therefore, change in mucoadhesive properties.

Figure 3. Cell viability of RPMI 2650 nasal epithelial cells after 1-hour treatment with 
meloxicam, the nanoformulations or their components measured by impedance. The values 
presented as a percentage of the control group. Values are presented as means ± SD, n = 6-12. 
Statistical analysis: ANOVA followed by Dunett’s test. ***p < 0.01, compared to the control 
group. TX-100, Triton X-100 detergent.

3.3.  MEL permeability across the culture model of the nasal mucosa barrier

The permeability of MEL was tested on the co-culture model composed of nasal epithelial and 
vascular endothelial cells. After 1-hour treatment, the SP-MEL formulation showed a 5-fold 
increase of MEL across this co-culture model (Figure 4.). The significantly higher (***, p < 



0.001) apparent permeability values can be due to the fact of the permeation enhancer effect of 
SP across biological barriers along with the nano particle size.

Figure 4. Apparent permeability of MEL (2.5 mg/ml in all samples) and MEL in SP-MEL 
nanoformulation across a co-culture model of human RPMI 2650 nasal epithelial cells and 
vascular endothelial cells (1-hour assay). Values are presented as means ± SD, n = 3. *** p < 
0.001 significantly different from MEL control.

Our results about the permeability enhancement of SP across RPMI 2650 cell line is 
corroborated by the work of Pozzoli et al. where they found 2.5 times higher permeability of 
budesonide with SP as an excipient (Pozzoli et al., 2017). The higher degree of permeation in 
our case contributes to the fact that different dosage forms also affect the permeability. Whilst 
Pozzoli et al. formulated a freeze-dried nasal powder, our polymeric micelle formulation can 
utilize the benefits of a liquid state nasal formulation, whereas the API is in dissolved form 
allowing quicker and more efficient transport across the cells. Similarly other nanocarriers, such 
as human serum albumin nanoparticles were investigated on human RPMI 2650 cell line. 

We found good TEER and low permeability values for paracellular markers indicating a good 
barrier property of the nasal mucosa co-culture model (Figure 5A) The TEER values remained 
at the level of the control group after 1-hour treatment with the SP-MEL formulation indicating 
that it does not damage the barrier function. MEL increased TEER and all three treatments 
decreased Papp values for the two hydrophilic paracellular marker molecules, dextran and 
albumin (Figure 5B). As previous studies also proved with other nanocarriers, this result 
suggests that MEL may have a beneficial effect on the nasal barrier either by itself or in separate 
formulations.



Figure 5. (A). Transepithelial electrical resistance (TEER) of the co-culture model after 1-hour 
treatment with MEL and SP-MEL (B) Values for paracellular permeability markers fluorescein 
isothiocyanate-labelled dextran (FD10) and Evans blue labelled albumin (EBA) after 1-hour 
treatment with MEL and SP-MEL. Values are presented as means ± SD, n = 3. C: control. * p 
< 0.05; *** p < 0.001 significantly different from control.

3.4.  Immunhistochemistry

The change in the staining pattern of the junctional linker proteins ZO-1 and β-catenin was 
investigated on human RPMI 2650 nasal epithelial cells in the co-culture model to detect 
whether the SP-MEL formulation affects natural membrane integrity. The cells were typical 
cobblestone shaped with visible junctional proteins in a belt-like manner bordering the cells. 
No change in the staining pattern can be observed after the 1-hour treatment of the model with 
MEL and SP-MEL formulation compared to the control group which received only medium 
(Figure 6.). This microscopic imaging also contributes to the safe and non-toxic administration 
of polymeric micelle formulation. The results also exclude that classic surfactant-like 
permeation enhancement are achieved via SP as classic surfactants usually damage the barrier 
model unlike in our case.



Figure 6. Immunostaining for junctional linker proteins ZO-1 and β-catenin on human RPMI 
2650 nasal epithelial cell layers following a 1-hour treatment with MEL and SP-MEL. The 
control group (C) received only medium. Red: junctional proteins; blue: cell nuclei. Scale bar: 
20 μm.

3.5.  Ex vivo permeability measurements across nasal mucosa

Ex vivo permeability measurements across the nasal mucosa was carried out in order to 
investigate the permeation enhancement of MEL via SP compared to the reference MEL 
suspension. Semiquantitative investigation was performed via Raman spectroscopy after 
instillation upon the mucosal surface. The characteristic absorption peaks of MEL (at 1305 cm−1 
(νOH), 1267 cm−1 (νC–N–C) and 1164 cm−1 (νC–S) were fitted on the surface map acquired via 
Raman chemical mapping (Figure 7.)

Figure 7. Ex vivo semiquantitative permeability measurement of MEL (A) and SP-MEL (B) 
across human nasal mucosa. The red arrow indicates the direction of transport across the incised 
tissue region. The Raman spectra were normalized.

Based on Figure 7, a deeper tissue penetration can be achieved via administering the SP-
containing MEL formulation. SP can penetrate into deeper tissue regions compared to a regular, 
excipient-free formulation. This penetration is not cell damaging as the nasal cytotoxicity and 
immunohistochemistry investigations proved. This mechanism however is still similar to 
classic surfactant-based permeation enhancement (e.g., in the case of Tween 20), where the 
main leading force is that the API would transfer to the highly vascularized tissue regions.

The investigation was performed in a modified Side-bi-Side® type horizontal diffusion cell 
apparatus, where the cut tissue was mounted between the donor and acceptor compartments. 
The flux and permeability were evaluated after the quantification of aliquots in the acceptor 
compartment at predetermined time periods (Figure 8).



Figure 8.  Ex vivo quantitative permeability study performed in a modified Side-bi-Side® type 
horizontal diffusion cell. The cumulative permeability values depicted at predetermined 
sampling time points in case of SP-MEL polymeric micelle formulation and the reference MEL 
suspension. All measurements were carried out in triplicate and data are presented as means ± 
SD (n=3).

The higher cumulative permeability values refer to the amount of permeated MEL across the 
tissue. The solubility enhancement induced increased permeability is caused by the SP micelle-
forming polymer. As the in vitro drug release study showed in our previous study, a burst-like 
drug release can be experienced which corroborates that no lag time is needed to achieve the 
increased concentrations. The calculated flux is 410.54 µg/cm2 at the final time point and the 
permeability coefficient is 0.493 cm/h which values are significantly higher than in case of 
MEL suspension: 77.491 µg/cm2 and 0.068 cm/h (** p < 0.01 in both cases).

3.6.  In vivo animal studies

To determine the promotion tendency of SP regarding MEL administration to the central 
nervous system, in vivo measurements were performed. The experiment lasted 4 hours, where 
at predetermined time points aliquots were withdrawn from the plasma and in the brain after 
the under-anaesthesia sacrifice of animals (Figure 9).



Figure 9. In vivo plasma (A) and brain (B) concentration of MEL after the intranasal (IN) 
treatment with the SP-MEL polymeric micelle nanoformulation. Results are expressed as 
average ± SD (n=4).

Our results can be compared by our research group’s intranasal in vivo measurements, where 
physical particle size reduction techniques were applied on MEL (Bartos et al., 2018). Spray-
drying was applied as reduction method, and the achieved MEL concentration in the brain was 
less than 1 nM. Compared to our results, approx. 35 to 40-times higher concentrations were 
achieved. The higher AUC values (approx. 35 nmol/ml x min in case of spray dryed 
formulations vs. approx. 5000 nmol/ml × min in case of SP-MEL formulation) also contributes 
to the fact that higher effective MEL transport was achieved to the central nervous system 
(Table 2). This shows the superiority of encapsulation into nanocarriers, as not only the 
decreased size resulted increased surface area is of paramount importance, but the need for 
permeability enhancers is there. Based on these and the ex vivo permeation results, SP formed 
micelles can penetrate into the deeper nasal regions where the uptake via the richly vascularized 
nasal mucosa region. As the olfactory nerves are innerved around this region, high chance of 
direct nose-to-brain transport can also be assumed. The brain curves have a maximum at 5 
minutes which support this theorem, and the other maximum can be found at 60 minutes which 
can be identified as the typical nose-to-blood mediated brain transport time. The curves are not 
drastically decreasing after 2 hours, leaving the opportunity that a long-lasting and constant 
permeation to the CNS can occur. The supporting pharmacokinetic parameters can be found in 
Table 2.

Table 2. Calculated pharmacokinetic parameters regarding the intranasally administered SP-
MEL formulation. All data are presents as means ± SD (n=4). Abbreviations: Ke – elimination 
rate constant; t1/2 – half-time; AUC0-t – area under curve value between 0 and the measurement 
time (t); AUC0-∞ -area under curve value between 0 and infinity; Cl – Clearance; MRT – mean 
residence time.



Pharmacokinetic parameter Plasma Brain

Ke (min-1) 0.00091 ± 2.2 · 10-4 0.00132 ± 3.6 · 10-5

t1/2 (h) 804.143 ± 22.362 525.174 ± 14.378

AUC0-t (µmol/ml x min) 811.228 ± 12.281 5.263 ± 0.051

AUC0-∞ (µmol/ml x min) 5115.035 ± 124.78 22.991 ± 0.674

Cl (µg/kg)/(nmol/ml)/min 7.6 · 10-5 ± 1.6 · 10-5 0.0163 ± 4.8 · 10-4

MRT (min) 1197.25 ± 315.44 796.337 ± 23.17

Based on the pharmacokinetic investigations and calculations, the following can be stated. The 
AUC values regarding the brain concentration of MEL after intranasal administration of SP-
MEL are significantly higher compared to the previously measured particle size-reduced MEL 
formulation. The clearance of SP-MEL and the high value of the MRT value indicates that a 
slow elimination process could be experienced in case of the nanocarrier. Besides the initial 
burst, based on these parameters a long-lasting effect can also be observed due to the previously 
mentioned fact that polymeric micelles could provide a higher circulation stability. Since the 
plasma concentration after IN administration followed the natural elimination curve with the 
high presence of MEL in the brain, the nose-to-brain pathway is more likely in the early stages 
after administration, however the long elimination can contribute to later penetration across the 
BBB as well. This is supported by the results of in vitro cell line and ex vivo nasal mucosa 
permeation studies where intensive, rapid, burst-like permeation could be found which is a 
potential sign that the immensely innervated nasal mucosa also takes up the active substance 
towards the neural pathway. Since the polymeric micelle formulation had a negative zeta 
potential value, carrier-intact paracellular or transcytosis-type permeation could also be a 
possibility in our case.

4. Conclusion

In conclusion, we successfully proved our hypothesis by the detailed in vitro to in vivo nasal 
applicability studies. Based on our previous experience and results, the in vitro characterization 
offered a promising solution for the SP-MEL formulation to be further investigated. Alongside 
the proper physicochemical parameters, the general mucoadhesive tendency of SP is not 
significantly lowered after the loading of MEL in the system. It is not high enough to offer the 
same residence time as a gelling system, however it contributes to a proper adhesion to the nasal 
mucosa where, based on our cell line studies, a rapid and highly efficient MEL transport can be 
achieved. This enhanced permeation takes place without the damaging properties of commonly 
applied surfactant molecules and SP proved to be safe to administer. Ex vivo studies also 
confirmed the high tissue permeation followed by the in vivo pharmacokinetic characterization 
of our formulation. High brain concentrations were achieved with the SP-MEL formulation 
compared to prior results achieved via physical particle size reduction techniques. Our results 
offer the utilization of this nanocarrier system as a tool to efficiently transport non-steroidal 
anti-inflammatory agents as possible remedies to inflammation-based and/or inflammation-
associated neural diseases.
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Soluplus® promotes efficient transport of meloxicam to the central nervous 
system via nasal administration

Highlights

 Meloxicam-loaded micelles provided efficient cellular permeability
 The micelle formulation is applicable for the nasal administration
 Meloxicam-loaded nasal micelles achieved efficient concentration in the brain


