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1. INTRODUCTION 

Nasal drug delivery has become a promising non-invasive route due to its high 

vascularization, rapid onset of action, and potential for avoiding first-pass metabolism. This 

route can facilitate direct drug delivery to the systemic circulation enhancing therapeutic 

efficacy [1]. However, the nasal route faces challenges such as the inefficient permeation of 

drugs through the nasal mucosa and the rapid clearance of the formulations from the nasal cavity 

due to the mucociliary clearance [2]. These challenges necessitate innovative strategies to 

enhance drug absorption and prolong the residence time of nasal formulations.  

Cyclodextrins have gained considerable attention in the pharmaceutical industry. Their 

ability to form inclusion complexes with a variety of drugs enhances solubility and stability, 

resulting in improved permeation [3]. Additionally, they can interact with biological 

membranes disrupting the cell membrane fluidity and the tight junctions between epithelial 

cells, enhancing the drug molecules’ permeation through the mucosa [4].  

While cyclodextrins enhance permeation, the rapid clearance of formulations from the 

nasal cavity remains a significant challenge. To address this, the incorporation of water-soluble 

polymers was explored [5]. These polymers can increase the viscosity of the formulation, 

thereby prolonging the residence time in the nasal cavity.  

Nasal powders produced by spray drying may also provide prolonged residence time in 

the nasal cavity compared to liquid formulations due to their better adhesion, thus reduced 

mucociliary removal [6]. Furthermore, preservatives are unnecessary in the formulation 

process, and the fine particle size achieved through spray drying ensures optimal deposition and 

absorption of the drug within the nasal cavity. 

Nasal systemic delivery of non-steroidal anti-inflammatory drugs (NSAIDs) is a less 

explored area; however, they could serve as quick pain relievers or could be adjuncts to opioid 

therapy.  

To the best of our knowledge, no study is available in the literature, where spray-dried 

cyclodextrin-based nasal powders are investigated in combination with water-soluble polymers 

in order to deliver an NSAID to the systemic circulation through the nasal route. This Ph.D. 

work aims to study the applicability of different cyclodextrins in combination with water-

soluble polymers with a purpose to contribute to the advancement of solid nasal drug delivery 

systems.  
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2. AIM OF THE WORK 

This PhD work aimed to produce solid nasal dosage forms containing an NSAID, meloxicam 

potassium (MXP) monohydrate with different excipients. The following steps were planned to 

conduct during our work: 

I. An extensive review of the literature was proposed to determine the key characteristics 

of solid nasal dosage forms, their preparation techniques and the requirements of the 

applicable excipients.  

II. After studying the literature, nano spray drying was chosen as the preparation method 

with the aim of preparing particles with a diameter of <5 µm. An essential physico-

chemical characterization of the prepared formulations was planned to carry out. The 

particle size and morphology, crystallinity, thermal behavior of the samples and the 

potentially formed secondary interactions were aimed to be observed to reveal the effect 

of the preparation procedure on the properties of the powders.  

III. The in vitro properties, like mucoadhesion, dissolution and permeation rate of the 

samples were planned to study to observe the effect of the applied excipients and to 

choose the best-performing formulations for further stability and cell culture 

measurements. 

IV. Our aim was also to screen the selected formulations with accelerated stability tests 

according to the International Council for Harmonization (ICH) Q1A guideline. The 

results of the stability test together with the in vitro measurements were intended to be 

the basis of the sample selection for further nasally relevant cell culture measurements. 

V. Besides, our goal was to determine the non-toxic concentrations of the applied 

cyclodextrins and raw MXP. Furthermore, the non-toxic concentrations of the selected 

formulations were intended to be evaluated to be able to proceed with the permeation 

studies safely.  

VI. Applying RPMI 2650 cells, the MXP permeation from the raw API and the selected 

formulations were planned to be examined to observe if the cyclodextrins had any 

permeation enhancing effect.  



3 

 

VII. Lastly, the effect of the incorporated excipients – different cyclodextrins and water-

soluble polymers – on the properties of the formulations and on their nasal applicability 

were intended to be evaluated.  

Despite the significant role that cyclodextrins play in the pharmaceutical industry, their 

application in nasal delivery systems has remained less exploited. Furthermore, there is a need 

for research to provide patients with more options for nasal pain reliving by NSAIDs. Thus, the 

primary objective of this Ph.D. work was to contribute to the development of future nasal 

powder products by collecting novel results on such formulations containing MXP, water-

soluble polymers and cyclodextrins.  
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3. LITERATURE BACKGROUND OF THE RESEARCH WORK 

3.1 Nose as an alternative drug delivery route 

Most of the active pharmaceutical ingredients (APIs) are administered per os or 

intravenously, although in the former case, the enzymatic deactivation of the drugs reduces the 

amount that is absorbed to the circulation, in the latter case, the process comes with stress for 

patients and only trained workers are allowed to complete the administration [7,8]. For these 

reasons, it is important to find non-invasive alternative routes that can easily and effectively 

target the systemic circulation in the absence of qualified personnel with less inconvenience for 

patients. The nasal route has gained considerable attention as an alternate to the oral or 

parenteral delivery routes bypassing some of the major limitations due to its unique anatomical 

and physiological features [9,10]. Nevertheless, it has its own challenges to tackle in order of 

successful drug delivery [11–13]. 

The volume of the nasal cavity is approximately 15 mL and divided into two halves by the 

nasal septum [14]. It has an anterior part called the vestibule, a respiratory region and an 

olfactory region. The cellular composition is different in each region and accordingly, they have 

their own function.  

The vestibule consists of stratified squamous epithelium and hair follicles serving as a 

protector against larger particles getting into the lungs. It is not significant in terms of drug 

delivery. The respiratory region is the largest section of the nasal cavity covered by 

pseudostratified columnar epithelium – typical airway epithelium – consisting of ciliated and 

non-ciliated cells as well as goblet cells [14]. Its physiological function is to warm and humidify 

the inspired air and it is the target of most of the nasal products [15]. The olfactory area can be 

found at the ceiling of the cavity, and it contains olfactory sensory neurons contributing to 

smelling. With direct access to the central nervous system (CNS) through these neurons, it 

offers an opportunity to treat neurodegenerative disorders while bypassing the blood-brain 

barrier (Figure 1.) [16].  



5 

 

 

Figure 1. Possible absorption pathways of nasally administered drugs [17] 

For a long time, mostly locally acting products have been applied in the nasal cavity to 

relieve cold and allergy symptoms [18]. In these conditions, the cavernous sinusoids distend 

with blood causing the swelling of the mucosa resulting in blocked airways. However, the nasal 

route holds a great potential considering systemic drug delivery. The surface area of the nasal 

cavity is about 150 cm2 provided by the cilia and it is highly vascularized in the respiratory 

region [19]. The drug absorbed into the capillaries through the mucosa, bypasses the first pass 

hepatic effect and enters the systemic circulation directly. This way, a rapid onset of action is 

achievable, and the dose of the APIs might be lowered which can moderate the side effects. 

Furthermore, nasal delivery is a simple, patient-friendly and non-invasive method that enables 

self-medication and reduces the risk of infections potentially enhancing patient adherence [20].  

Although there are several beneficial physiological properties to the nose, drug absorption 

is multifactorial and can be challenging. One of the major factors is the mucociliary clearance 

[21]. It is part of the nasal defense system, whose task is to reduce the contact time of the 

mucosa with bacteria, harmful substances and particles and eliminate them. Accordingly, the 

respiratory epithelium is covered by an approximately 5 µm thick mucus layer consisting of 

about 95% water, 2-3% mucin and lipids, electrolytes and proteins in addition, with a pH of 

5.5-6.5 [12]. Mucus is negatively charged. This negative charge is primarily due to tpresence 

of sulphate and carboxyl groups on the mucin molecules, the main gel-forming proteins in 

mucus. These negatively charged groups are found on the O-linked glycans that extend from 

the mucin protein backbone [22]. Goblet cells and seromucous glands together are responsible 
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for the mucus secretion. The ciliated cells propel the mucus towards the nasopharynx thanks to 

which it is renewed in every 10-20 min [23]. Therefore, the administered drugs have only a 

limited time to be absorbed. This time can be extended by the application of mucoadhesive, 

gelling polymers which are able to slow down or hinder the mucociliary clearance to some 

extent. Moreover, the chosen dosage form can also have an impact on the residence time of the 

API [24]. 

The selective permeability of the mucosa is another important factor. The epithelial cells are 

easily passable for lipophilic molecules by transcellular transport; however, to permeate, they 

need to be dissolved in the mucus layer that covers the cells. Polar molecules cross the barrier 

through the paracellular route, and even though they are soluble in the mucus, their absorption 

can be impaired by their charge and molecular weight, not to mention that they are more prone 

to the mucociliary clearance [25]. Negatively charged molecules may insufficiently absorb 

because of the repulsion of the also negatively charged mucosa [26]. Furthermore, the extent of 

drug absorption is inversely proportional to the molecular weight when it occurs through the 

tight junctions. Above 300 Da, it may decrease, and APIs greater than 1000 Da exhibit 

significantly lower permeation rate [27]. Solubilizing and permeation enhancing excipients may 

provide solutions to the aforementioned problems. 

The sensitivity of the mucosa is a non-negligible factor in drug delivery, as well. Irritants 

increase mucociliary clearance and cause sneezing, which allows these substances to be quickly 

removed from the nasal cavity [18]. For this reason, it is important to understand the reactions 

that the API and excipients we intend to deliver may provoke. Acceleration of mucociliary 

clearance reduces the contact time of the drug with the mucosa thereby hindering its absorption.  

The enzymatic activity should also be taken into consideration in some cases. Proteolytic 

enzymes present in the mucosa cause the degradation, thus inefficient absorption of nasally 

administered proteins. The application of enzyme inhibitors can improve the bioavailability of 

these biomacromolecules [28]. 

Interpersonal variability adds another layer of complexity to nasal drug absorption: structural 

differences such as the thickness of the epithelium, density of blood vessels, mucus layer 

characteristics, and expression of metabolic enzymes or efflux transporters result in varying 

permeability and absorption rates among patients. Furthermore, chronic conditions like rhinitis 

or nasal polyps can alter mucociliary clearance and enzyme expression, leading to less 

predictable absorption profiles [29,30]. The variability of nasal mucosa leads to variability in 

pharmacokinetic profile. 
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Despite the challenges, the nasal route is a promising alternative route of administration 

whose limitations can be overcome by choosing the appropriate combination of excipients, 

dosage form, and formulation techniques. 

3.2 Excipients in nasal drug delivery 

Excipients can play a major role in outwitting the physiological properties of the nose to 

induce the desired drug effects. Permeation enhancers are one of the most frequently studied 

excipient types in intranasal drug delivery. These compounds are used to improve the 

absorption of the APIs. They either affect the cell membrane permeability by interacting with 

the tight junctions or increasing the membrane fluidity, or they alter the physicochemical 

properties of the drugs by solubilizing and/or stabilizing them [31,32]. This group includes – 

among others – surfactants (e.g. phospholipids, bile salts, fatty acids), cationic polymers (e.g. 

chitosan, polyethylenamine, cationated gelatins) or cyclodextrins [33,34]. To increase the 

residence time of the APIs, polymers are another frequently applied excipient group. Typical 

examples of this group are poloxamers, polyacrylates, hyaluronic acid or cellulose derivatives 

[10]. Besides, enzyme inhibitors can be important excipients when delivering peptides through 

the nasal route by decreasing their degradation. For instance, bestatin or puromycin can be used 

for this purpose [35].  

In this section, the excipients applied in this doctoral research work will be introduced.  

3.2.1. Cyclodextrins 

Cyclodextrins (CDs) are cyclic oligosaccharides built up of D-glucopyranose units. These 

units link through α-(1-4) glycosidic bonds forming a toroidal shape with a hydrophobic interior 

and hydrophilic exterior. Their unique structure allows of incorporating hydrophobic 

compounds into their cavity while keeping their water solubility [36,37]. The so-called parent 

or native CDs – α-, β- and γ-cyclodextrin (ACD, BCD and GCD) – are composed of six, seven 

and eight glucopyranose units, respectively. The size of their cavity increases with the amount 

of linking units resulting in different complexing capabilities. ACD’s cavity is suitable for 

entrapping mostly aliphatic chains, while BCD complexes aromatic rings with high efficiency, 

many APIs have such aromatic structure causing the popularity of BCD and BCD-derivatives 

[38]. Parent CDs differ in solubility, the BCD is the least soluble in water due to intramolecular 

hydrogen bonding. These hydrogen bonds are formed between the C2-OH and C3-OH groups 

of two neighboring glucopyranose units causing the rigidity of the molecule and reduced 

capability of forming hydrogen bonds with water molecules [39].  
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The derivatives of BCD are formed to exploit its advantageous cavity size but increase its 

water solubility. The hydroxyl groups of the glucopyranose units can be replaced with different 

substituents, such as hydroxypropyl, sulfobutyl ether or methyl [37]. These groups are 

randomly bound to the molecule which yields a heterogenous product leading to an amorphous 

structure in contrast to the native CDs which have crystalline structure. The randomly linked 

new functional groups also break the amount of intramolecular hydrogen bonds resulting in 

improved solubility or – depending on the substituent – different toxicity from the parent CDs 

[3,40].  

CDs are widely used in the pharmaceutical industry because of their capability of entrapping 

hydrophobic molecules in their cavity thereby enhancing their solubility, stability and 

bioavailability. The growing amount of marketed product which contain CDs shows their 

significance: they are applied in almost all type of dosage forms including tablets, injections, 

eye drops, suppository or ointments among others [41]. Furthermore, some of the CDs have 

been recognized as a potential API. Hydroxypropyl-β-cyclodextrin (HPBCD) is currently being 

tested in Phase III clinical trial for the treatment of Nieman Pick Type C disease [42], 

sugammadex is used for the reversal of neuromuscular block under anesthesia and the testing 

of a dimerized CD on humans for the treatment of atherosclerosis regression has been initiated 

[43].  

As excipients, BCD and its derivatives are the most common types [41]. Often, their role in 

the formulations is to improve the bioavailability of lipophilic APIs by increasing their 

solubility [44]. Although, the bioavailability enhancing property of the CDs may also prevail 

due to their absorption enhancing feature [45]. CDs are considered to increase the permeation 

rate through different mechanism of actions. On the one hand, they extract cholesterol, 

phospholipids and other lipophilic components from the cell membrane which are responsible 

for the rigidity. By that, the membrane fluidity increases which facilitates drug absorption as it 

reduces the energy barrier for the permeating APIs [46]. On the other hand, they have an impact 

on tight junctions, but the background of this observation has not been clarified yet [47]. Apart 

from solubility and permeation enhancing properties of CDs, they may act as dissolution rate 

enhancers through improving the wettability of powders [48,49]. The above-described positive 

effects result in an overall higher absorbed quantity of the administered API, i.e. less API is 

needed for the same efficacy, consequently, the side effects can be reduced. 

In nasal dosage forms, CDs can be particularly useful. Because of the previously detailed 

physiology of the nose, the delivered drugs have only a limited time for absorption, therefore, 

it is highly important that they dissolve quickly in the mucus and diffuse through the epithelial 
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layer as fast as possible into the circulation. Although only two nasal products have been 

marketed that contain CD as an excipient [41,50] (Table 1.), it shows their great potential that 

several studies have focused on the bioavailability or efficacy enhancement of different APIs 

by applying CDs recently. For instance, nasal powder formulations of thalidomide – an anti-

epistaxis agent – and different BCDs for local action were tested for patients with recurring 

nose bleeding [51]. In other studies, metoclopramide hydrochloride, midazolam, carfentanil and 

melatonin were formulated applying different CDs for systemic action induction through the 

nose [52–55]. For the treatment of neurological disorders, idebenone, tacrine and deferoxamine 

mesylate were studied in the presence of CDs aiming nose-to-brain delivery [56–58]. These 

examples highlight CDs as potentially valuable tools for local, systemic and nose-to-brain drug 

delivery through different mechanisms. 

Table 1. Approved nasal products containing CD [41,50] 

Product 
Aerodiol® (Eli Lilly, 

Indianapolis, IN, USA) 

Baqsimi™ (Servier, 

Suresnes, France) 

API 17β-estradiol hemihydrate Glucagon 

CD Randomly methylated BCD BCD 

Other excipients 
NaCl, NaOH,  

HCl, purified water 
Dodecylphosphocholine 

Dosage form Nasal spray Nasal powder 

Indication Hormone replacement therapy Severe hypoglycemia 

3.2.2. Polymers  

Polymers are macromolecules consisting of repeating subunits called monomers connected 

by covalent bonds. They can be classified based on different characteristics, e.g. their origin – 

natural, semi-synthetic and synthetic; their degradability – biodegradable and non-

biodegradable; or chain structure – linear, branched, crosslinked or network [59]. Their 

utilization in the pharmaceutical field is divers: they are applied as viscosity controlling 

excipients for suspensions, film coatings for tablets, drug release controllers, mucoadhesive 

agents or scaffolds for tissue engineering [60]. Their suitability for pharmaceutical purposes is 

affected by their molecular weight, solubility, swelling behavior, degradation, bioadhesive 

potential, erosion mechanism and biocompatibility [61].  
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Water-soluble polymers are particularly popular choice of excipients in dosage forms 

because of their capability for drug solubilization and stabilization, thus bioavailability 

enhancement [62]. In nasal formulations, their role in addition is the prolongation of the 

residence time of the API on the mucosal surface by providing bioadhesion and counteracting 

the mucociliary clearance [63]. 

Mucoadhesion has a complex mechanism that is described by several theories, however, 

none of the theories expresses sufficiently the phenomenon on its own, multiple of them should 

be interpreted simultaneously for its complete explanation in the case of different dosage forms. 

These are the electronic, wetting, adsorption, diffusion, dehydration, fracture and mechanical 

theories [64,65].  

▪ According to the electronic theory, at the interface of the polymer and the tissue, an 

electrical double layer is formed because of the occurring electron transfer caused by the 

electronic structure differences between the bioadhesive and the glycoprotein chains of 

the mucus. In this case, adhesion is due to the attractive interactions developed across 

the double layer [66].  

▪ The wetting theory analyses the spreading and adhesion capability of liquids and semi-

solids over a biological surface measuring the surface and interfacial tension. The 

adhesive work can be calculated based on these parameters [67].  

▪ The adsorption theory explains mucoadhesion by the formation of secondary interactions 

– Van der Waals forces, hydrogen bond or hydrophobic interaction – between the 

polymer and the mucus [68]. 

▪ Based on the diffusion theory, adhesion occurs due to the interpenetration of the polymer 

chains into the mucus. The entanglement of the polymer chains into the mucus creates a 

semi-permanent adhesion [64].  

▪ According to the dehydration theory, when a dry formulation is brought into contact with 

the mucus layer, it will absorb water quickly because of the occurring osmotic pressure 

difference dehydrating the mucus layer. As a result of dehydration, adhesive bond is 

formed [69]. 

▪ The fracture theory assumes that the force needed for the separation of two surfaces is 

equal to the adhesive strength and that fracture occurs exactly at the contacting surfaces. 

It is mainly applicable for rigid formulations [70].  

▪ Mechanical theory assumes that the irregular rough or abrasive substrate surface 

provides mechanical keying [65]. 
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Mucoadhesive polymers can be classified based on the mechanism of binding: there are non-

covalent and covalent binding polymers. Non-covalent binding polymers can be anionic, 

cationic and non-ionic [71].  

Anionic polymers are mostly carboxylic acid moieties that can adhere through hydrogen 

bonding to the mucosal surface. For instance, alginate, carbomer and hyaluronic acid are 

anionic polymers. Hyaluronic acid has been tested and applied in nasal formulations for several 

years, in addition to its mucoadhesive feature, its biocompatibility, biodegradability and 

viscoelasticity contributes to its frequent application in nasal drug delivery systems [72]. 

Moreover, according to a meta-analysis, it can significantly reduce the symptoms of nasal 

inflammatory diseases [73]. These data prove that the negatively charged polymers can also be 

mucoadhesive despite the repulsive forces between mucin and their side chains due to their 

other moieties than charged functional groups. 

The strong adhesion potential of cationic polymers is due to their ionic interaction with the 

anionic substructures of the mucus gel. Chitosan is a significant member of this group which 

exhibits not only mucoadhesive property, but also permeation enhancing feature [74,75]. 

Non-ionic polymers are assumed to present mucoadhesion because of chain interpenetration-

entanglement and hydration related swelling beside the H-bond and Van der Waals forces, 

however, they are described as moderately mucoadhesive compounds. Popular examples of 

non-ionic polymers are cellulose derivates, poloxamers or polyvinyl alcohol (PVA) [76]. PVA 

is a synthetic water-soluble polymer that is used as a stabilizer in emulsions and suspensions 

[77]. It also helps to form spherical morphology for powder particles and can decrease the 

cohesion between the particles improving powder flow properties [78]. Although PVA exhibits 

moderate mucoadhesiveness, it can increase the viscosity of the formulation as a result of 

swelling during its dissolution at the action site [79]. The viscous formulations can have higher 

residence time on the nasal mucosa. 

 Beyond the solubilizing and mucoadhesive properties of polymers and their contribution to 

controlled drug release profiles, their combination with CDs can be particularly advantageous. 

In the presence of hydrophilic polymers, co-complexes are formed with the CDs and the drug 

molecule [80]. This way the complexing efficacy and the stability of CD-drug complexes can 

increase resulting in smaller quantity of CD for the same solubilizing effect [81].  

3.3 Nasal dosage forms – powders  

Liquid, semi-solid as well as solid nasal dosage forms are available on the market. 

Nowadays, the most used nasal formulations are liquid – sprays or drops – regardless of the 
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effect to be induced, because of their quick drug release, ease of use and simple manufacturing 

[82]. However, their microbiological stability is poor despite the applied preservatives, and they 

are rapidly forwarded by the mucociliary clearance which reduces drug absorption [83]. 

Because of that, more frequent dosing might be necessary which affects patient compliance.  

Nasal powders, on the contrary, possess low moisture content, due to which there is no risk 

for hydrolysis and microbial contamination during their storage. Because of this, their 

production does not require preservatives, which could irritate the mucosa, thus adversely 

affecting the residence time of the product [84]. They also exhibit prolonged retention in the 

nasal cavity, and their adhesiveness can be further improved by incorporating bioadhesive 

polymers [84]. As a result, powders may provide higher local drug concentration and extended 

time for absorption.  

There are several different techniques for the preparation of nasal powders. One part of the 

methods involves size reduction of greater particles through mechanical stress, e.g. milling or 

grinding [85]. Although these methods are relatively simple and cost-effective, they may result 

in a broad particle size distribution unless controlled prudently and there is a risk of metal 

contamination in the product [86].  

Another part of the processes is related to removing the solvent. During lyophilization, the 

product is cooled below its freezing point and the solvent sublimates under vacuum, then the 

residual water is removed applying increasing temperature. The resulting powder is stable and 

dissolves easily in water [87,88]. Furthermore, it is a particularly suitable technique for 

thermally unstable compounds; however, it is time- and energy-consuming, therefore costly 

preparation process [89,90].  

In contrast to freeze drying, spray drying applies heating to remove the solvent. It provides 

control over particle size, shape and surface characteristics, which are crucial regarding drug 

absorption [91]. It is feasible for rapid and scalable production of dry powders from solutions 

or suspensions. Both mini- and nano spray driers are available for laboratory-scale applications. 

The liquid feed is transferred into the nozzle by a pump and atomized into fine droplets in the 

drying chamber. There, they are exposed to heat, and the solvent evaporates forming solid 

particles. After that, the particles are collected in a cyclone or on an electrostatic collector [92]. 

Adjusting the process parameters allows us of achieving different particle properties. For 

instance, a more concentrated liquid feed produces larger, more compact particles. Higher pump 

rates also result in larger particles because of the formation of larger drops. The atomization 

parameters such as the nozzle type and the applied pressure influence the size of the formed 

droplets, thus the particle size: the smaller the droplets are, the smaller the dried particles are, 
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too [93,94]. Inlet air temperature affects the evaporation rate of the solvent: higher temperature 

leads to faster drying resulting in wrinkled surface characteristics and porous particles, whereas 

lower temperature produces smooth-surfaced compact particles [95]. Spray drying often yields 

amorphous products [96].  

Despite the variety of preparation methods for nasal powders, only a limited selection of 

products is available on the market. Table 2. shows the list of currently accessible formulations. 

Most of them is for the treatment of local allergic symptoms, only two is intended for systemic 

action: Onzetra Xsail® and Baqsimi™. Lately, more and more studies have been carried out on 

nasal powders targeting the systemic circulation. For instance, carvedilol was formulated with 

chitosan and tested on rabbits with the aim of treating angina pectoris achieving a high absolute 

bioavailability [97]. Lorazepam, a sedative, was spray-dried with different polymers and 

administered to rabbits also exhibiting a rapid onset of action in vivo [98]. Another study 

included 3 different APIs, antipyrine, acyclovir and griseofulvin to compare their nasal 

absorption from solution, powder and granule form. They emphasized the need for use of 

excipients that slow down mucociliary clearance in the powder formulations [99]. These 

findings highlight the growing potential of nasal powders as effective drug delivery systems for 

systemic effect induction.  
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Table 2. Marketed nasal powders 

Product API Dose Excipient(s) Device 

Atzumi™[100] 
Dihydroergota

mine mesylate 
5.2 mg 

Hypromellose, mannitol, 

microcrystalline 

cellulose 

Single-dose 

nasal device 

Baqsimi™ 

[101] 
Glucagon 3 mg 

BCD, 

dodecylphosphocholine 

Single-dose 

container 

Erizas® [6] 
Dexamethasone 

cipecilate 

400 μg Lactose 
Capsule-based 

breath-actuated 

200 μg Lactose 
Multi-dose 

nasal spray 

ONZETRA® 

Xsail® [102] 

Sumatriptan 

succinate 

11 

mg/nostril 
- 

Powder 

Exhalation 

Delivery 

System 

Rhinocort® 

Turbuhaler® 

[103] 

Budesonide 100 μg - 

Multi-dose 

breath-actuated 

metering 

device 

Teijin 

Rhinocort® 

[103] 

Beclomethason

e dipropionate 
64 μg 

HPMC, magnesium 

stearate, stearic acid 

Single dose 

patient-

operated 

capsule-based 

device 

3.4 Pain management – nasal alternatives  

Depending on the intensity and the nature of pain, it is treated with different groups of 

analgesics. 

Mild pain is treated with non-steroidal anti-inflammatory drugs (NSAIDs). NSAIDs act 

primarily by inhibiting cyclooxygenase (COX) enzymes (COX-1 and COX-2), thereby 

reducing prostaglandin synthesis [104]. Meloxicam (MX) is a long-acting NSAID of the 

oxicam class with preferential COX-2 inhibition, offering analgesic and anti-inflammatory 

effects with reduced gastrointestinal risk compared to non-selective NSAIDs [105]. Its long 
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half-life (around 20 h) supports once-daily dosing for chronic pain conditions like osteoarthritis 

[106]. MX is a BCS II class drug, i.e. it has low solubility, high permeability, therefore its 

bioavailability is limited by its solubility [107]. To improve its aqueous solubility, the salt form 

of MX, meloxicam potassium (MXP) monohydrate was developed by Egis Ltd. (Budapest, 

Hungary). It exhibits a higher aqueous solubility (MXP: 13.1 mg/mL in water at 25 °C; MX: 

4.4 µg/mL in water at 25 °C) [108]. By using advanced formulation techniques, e.g., spray 

drying, forming amorphous solid dispersions, incorporating into polymer matrices, its 

permeability and bioavailability can be further increased [109]. 

Moderate to severe pain is mostly treated with opioids. Opioid analgesics, such as morphine, 

fentanyl, and oxycodone act on opioid receptors to inhibit nociceptive transmission and alter 

pain perception. They are prescribed for postsurgical or cancer pain among others, but their use 

must be guided by considerations of tolerance, dependence, and respiratory depression risk 

[110,111]. 

In addition to the described groups, there are special conditions where other adjuvants are 

used including local anesthetics, tricyclic antidepressants or triptans. While not primarily 

developed for analgesia, these agents modulate pain via central sensitization mechanisms and 

modified neurotransmitter activity [112]. 

Whether acute or chronic pain, both are predominantly relieved by two routes of 

administration: per os or intravenously. Oral formulations – as presented earlier – are 

convenient, self-administered, and suitable for sustained release or chronic pain management. 

However, they exhibit delayed onset (1-2 hours), variable absorption from GI tract, food effects, 

and first-pass hepatic metabolism, which reduces bioavailability and increases interpatient 

variability [113]. Intravenous administration bypasses absorption delays and first-pass 

metabolism providing rapid and predictable plasma concentrations. It is the preferred solution 

in emergency, perioperative, or hospital settings but it requires trained personnel, sterile 

equipment, and venous access [114]. The nasal delivery of analgesics offers a non-invasive, 

self-administered solution to the above-mentioned limitations because the nasally delivered 

APIs exert their effect with a short onset, they bypass the first-pass hepatic metabolism 

improving bioavailability. The nasal products are ideal when patients cannot swallow or need 

analgesia in settings where intravenous access is impractical [115]. 

There are several painkiller nasal products available on the market (Table 3.) but only one 

contains an NSAID (ketorolac tromethamine containing spray) so far and only a few of the 

presented products are powder formulations. This emphasizes the importance of collecting 

novel results on such formulations containing NSAIDs. 
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Table 3. Marketed nasal analgesic products [100,116–122] 

API 
Marketed 

product names 
Dosage form Dose per administration 

Ketorolac 

tromethamine 
SPRIX® 

Nasal spray, 

solution  

15.75 mg per metered spray 

(100 µL) per nostril (total 

31.5 mg) 

Fentanyl citrate 

Lazanda®, 

PecFent®, 

Instanyl® 

Nasal spray, 

solution  

50-400 µg per metered spray 

depending on product and 

titration 

Butorphanol 

tartrate 
Stadol NS® 

Nasal spray, 

solution  
1 mg per metered spray 

Sumatriptan 

Imitrex®, 

Tosymra®,  

Onzetra Xsail® 

Nasal spray, 

solution or nasal 

powder 

5–20 mg for the nasal sprays 

(Imitrex and Tosymra),  

11 mg per capsule (Onzetra; both 

nostrils = 22 mg) 

Zolmitriptan 
Zomig® Nasal 

Spray 

Nasal spray, 

solution  
2.5 mg or 5 mg per metered spray 

Dihydroergotamine 

mesylate 

Atzumi™ 

Migranal®, 

Trudhesa® 

Nasal powder or 

nasal spray, 

solution 

0.5-1.45 mg depending on 

product and titration 

Zavegepant Zavzpret® 
Nasal spray, 

solution 
10 mg per metered spray 
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4. MATERIALS AND METHODS 

4.1. Materials 

4.1.1. Active pharmaceutical ingredient (API) 

Meloxicam potassium (MXP) monohydrate (Figure 2.) was used as the API in this work and 

was obtained from Egis Ltd. (Budapest, Hungary). It is the potassium salt of meloxicam, which 

was patented by Egis Ltd. To the best of our knowledge, it has not been incorporated in any 

marketed product yet.  

 

Figure 2. Chemical structure of MXP monohydrate 

4.1.2. Excipients 

4 different CDs, namely β-cyclodextrin (BCD), (2-hydroxy)-propyl-β-cyclodextrin 

(HPBCD), sulfobutylated-beta-cyclodextrin sodium salt (SBECD, DS~6) and (2-hydroxy-3-

N,N,N-trimethylamino)propyl-beta-cyclodextrin chloride (QABCD, DS~2.7) were all obtained 

from CycloLab Ltd. (Budapest, Hungary). Sodium hyaluronate (HA) was from Contipro 

Biotech (Dolní Dobrouč, Czech Republic) and (polyvinyl)alcohol (PVA) was from Sigma 

Aldrich (Sigma Aldrich Co. LLC, St. Louis, MO, USA). The formula and role in drug delivery 

of the applied excipients are presented in Table 4. 
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Table 4. The applied excipients, their formula and their function in drug administration 

Excipient Simplified chemical structure 
Function in drug 

administration 

BCD 

 

Solubility and permeation 

enhancer [123,124] 

HPBCD 

 

Solubility and permeation 

enhancer [125,126] 

SBECD 

 

Solubility and permeation 

enhancer [123,124] 

QABCD 

 

Solubility and permeation 

enhancer [127,128] 

HA 

 

Mucoadhesive agent [129] 

PVA 
 

Stabilizer in emulsions and 

suspensions, mucoadhesive 

agent [77,130] 
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4.2. Methods 

4.2.1. Preparation method of the spray-dried (SD) samples 

BÜCHI Nano Spray Drier B-90 HP (BÜCHI Labortechnik AG, Flawil, Switzerland) (Figure 

3.) was used for the preparation of the samples. The feeding solutions for the polymer-free 

formulations consisted of 1:1 molar ratio of MXP and CD (BCD/HPBCD/SBECD/QABCD) 

dissolved in distilled water. For the polymer-containing formulations, the solutions additionally 

included 1 mg/mL PVA or 0.5 mg/mL HA. The following parameters were applied for the spray 

drying: inlet air temperature: 80 °C, compressed air flow: 130 L·h−1, pump rate: 20%, aspirator 

capacity: 100%.  

Physical mixtures (PMs) were prepared as reference samples, maintaining the same ratios as 

those in the spray-dried solutions. The components were blended using a Turbula mixer 

(Turbula WAB, Systems Schatz, Muttenz, Switzerland) at 50 rpm for 10 minutes.  

 

Figure 3. Schematic diagram of the nano spray dryer 
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4.2.2. Physico-chemical characterization 

4.2.2.1. Laser diffraction 

The particle size distribution of the spray-dried products was characterized using a Malvern 

laser diffractometer (Malvern Mastersizer Scirocco 2000; Malvern Instruments Ltd., 

Worcestershire, UK). Air was used as the dispersion medium during the dry analysis and its 

pressure was set to 2 bar. Approximately 1 g of each sample was tested, and all samples were 

measured in triplicate. The particle size was characterized by the D(0.5) value, indicating the 

diameters below which 50% of the particles by volume are found.  

4.2.2.2. Scanning electron microscopy (SEM) 

SEM analysis (Hitachi S4700, Hitachi Scientific Ltd., Tokyo, Japan) was conducted to 

examine the surface characteristics, shape, and size of the prepared particles. The powders were 

coated with gold-palladium by a sputter coater and analyzed at 10 kV and 10 μA under an argon 

atmosphere. 

4.2.2.3. X-ray powder diffractometry (XRPD) 

X-ray diffractograms of the PMs and spray-dried samples were recorded using a BRUKER 

D8 Advance diffractometer (Bruker AXS GmbH, Karlsruhe, Germany) with Cu Kα radiation 

(λ = 1.5406 Å), operating at a tube voltage of 40 kV and a tube current of 40 mA. Data were 

collected over an angular range of 3‒40° 2θ, with a step time of 0.1 seconds and a step size of 

0.007°. Signal detection was performed with a VÅNTEC-1 detector. The manipulations, 

including Kα2 stripping, background removal, and smoothing, were conducted using 

DIFRAC.EVA software. 

4.2.2.4. Differential Scanning Calorimetry (DSC) 

The thermal behavior of the samples was analysed using a Mettler Toledo DSC 821e 

differential scanning calorimeter (Mettler Inc., Schwerzenbach, Switzerland). Samples 

weighing 2–5 mg were placed in perforated aluminum pans and heated from 25 to 300 °C at a 

rate of 10 °C·min‒1 under a constant argon flow of 150 mL·min‒1. The recorded DSC curves 

were analysed using the STARe thermal analysis software (Mettler Toledo; Mettler Inc., 

Schwerzenbach, Switzerland). 



21 

 

4.2.2.5. Fourier transform infrared spectroscopy (FT-IR) 

FT-IR measurements were used to detect the interactions between MXP and the excipients. 

Individual compounds and spray-dried products were measured and compared. The spectra 

were recorded with an AVATAR330 spectrometer (Thermo Nicolet, Unicam Hungary Ltd., 

Budapest, Hungary), the interval was in the range of 400–4000 cm‒1, at an optical resolution of 

2 cm‒1. Pastilles prepared from the samples with 0.15 g KBr were investigated. SpectraGryph 

optical spectroscopy software was used to evaluate and present the detected spectra. 

4.2.3. In vitro measurements  

4.2.3.1. Texture analyser  

The adhesive properties of the formulations were investigated with a TA-XT Plus Texture 

Analyser (Metron Ltd., Budapest) (Figure 4.) instrument utilizing a cylinder probe with a 1 cm 

diameter and a 5 kg load cell. Before the measurement, 95±5 mg of the samples was compressed 

into pastilles with a Specac hydraulic press (Specac Inc., Orpington, UK) applying a pressing 

force of 10 kN for 10 seconds with a pressing diameter of 13 mm. The pastilles were attached 

to the cylinder probe and brought into contact with the artificial mucosa layer for 3 minutes at 

a preload of 2500 mN. After that, the cylinder probe was raised to detach the sample from the 

filter paper at a speed of 2.5 mm∙min‒1, while a force-distance curve was recorded determining 

the maximum detachment force and work of adhesion. The latter was calculated as the area 

under the "force vs. distance" curve. For the artificial mucosa, a filter paper was wetted with 40 

µl of an 8% w/w mucin dispersion prepared with simulated nasal electrolyte solution (SNES). 

Control measurements were performed using SNES-wetted filter papers to observe the behavior 

of the powders without mucin. For statistical analysis, one-way ANOVA with Tukey’s multiple 

comparison test was applied using Minitab statistical software. A level of p ≤ 0.05 was 

considered as significant. 
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Figure 4. Setup of the adhesion measurements [131] 

4.2.3.2. Drug release study modelling nasal conditions 

The drug release from the samples was monitored in-line over a period of 5 minutes at a 

wavelength of 364 nm by adding powders containing 0.75 mg of the API into 50 mL of SNES. 

The system was maintained at 32 ± 0.5 °C with a constant stirring of 100 rpm. The results were 

quantified using an AvaLight DH-S-BAL spectrophotometer (Avantes, Apeldoorn, 

Netherlands) connected to an AvaSpec-2048L transmission immersion probe (Avantes) via an 

optical fiber. 

4.2.3.3. Permeation study through an artificial membrane  

A modified horizontal diffusion cell was used to test the in vitro diffusion of MXP under 

nasal conditions and to identify promising formulations for further stability and cell line 

investigations. The device consisted of two chambers – one for the donor phase and one for the 

acceptor phase – separated by an artificial membrane. The donor phase contained 9 mL of 

SNES, representing the nasal fluid, while the acceptor phase contained 9 mL of phosphate 

buffer solution (pH 7.4) to simulate blood pH (Figure 5.) Both phases were maintained at 32 

°C (Thermo Haake C10-P5, Sigma Aldrich Co.) and stirred at 300 rpm using a magnetic stirrer 

to simulate the airflow and the cilia. To simulate the lipophilic mucosa, a WhatmanTM 

regenerated cellulose membrane filter with 0.45 μm pores was soaked in isopropyl myristate 

for 30 minutes before the test. Samples containing 7.5 mg of MXP were added to the donor 

phase at the beginning of the study. Aliquots were collected at predetermined intervals from the 

acceptor phase and the cumulative amount of permeated MXP was quantified. For statistical 

analysis, one-way ANOVA with Fisher’s multiple comparison test was applied using Minitab 

statistical software. A level of p ≤ 0.05 was considered as significant. 
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Figure 5. Modified horizontal diffusion cell 

4.2.4. Accelerated stability test of the selected samples 

The stability of the selected formulations was studied under the accelerated stability test 

conditions according to the ICH Q1A (R2) guideline. The powders were filled into 

hydroxypropyl-methyl cellulose (HPMC) capsules and placed into a Binder KBF 240 (Binder 

GmbH Tuttlingen, Germany) constant-climate chamber without secondary packaging 

maintaining 40 ± 2 °C and 75 ± 5% RH. The formulations were re-examined after 1 month in 

terms of morphology, crystallinity and drug content. The results of the stability test contributed 

to the selection among the formulations for further cell culture measurements. 

4.2.5. Cell-based measurements 

4.2.5.1. Cytotoxicity of the formulations on RPMI 2650 cells  

To evaluate the viability of RPMI 2650 cells, the CellTiter 96® AQueous Non-Radioactive 

Cell Proliferation Assay (Promega GmbH, Mannheim, Germany) was employed. Cells were 

cultured and seeded into 96-well plates at a density of 5 × 104 cells per well and maintained 

until confluence. Test samples - including raw MXP, BCD, SBECD, QABCD alone and BCD-

MXP-PVA-SD, SBECD-MXP-PVA-SD, QABCD-MXP-PVA-SD formulations - were added 

at various concentrations: the CDs in 5, 2.5 and 1 mM concentration, raw MXP in 125, 95, 65, 

and 25 µg/mL, and the formulations in 125, 95 and 65 µg/mL MXP concentration. The cells 

were incubated with the solutions for 1 hour at 37 °C. After treatment, the cells were washed 

with Hank’s Balanced Salt Solution and incubated with the MTS reagent for 2 hours at 37 °C. 

Absorbance was measured at 491 nm using a UV/VIS microplate reader. 

For assessment of membrane integrity, lactate dehydrogenase (LDH) release was quantified 

using the CytoTox-ONE™ Homogeneous Membrane Integrity Assay (Promega GmbH, 

Mannheim, Germany). Fluorescence was recorded at an excitation wavelength of 560 nm 

(emission wavelength: 590 nm) using a plate reader. Untreated cells served as negative controls, 

and lysed cells served as positive controls. Background was subtracted from all measured values 
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to ensure accuracy. For statistical analysis, one-way ANOVA with Dunnett's test was applied 

using Minitab statistical software. A level of p ≤ 0.05 was considered as significant. 

4.2.5.2. Drug permeation through nasal RPMI 2650 cell model 

The diffusion of MXP from the selected PVA-containing formulations was studied on an 

RPMI 2650 epithelial cell model cultured under air-liquid interface (ALI). For the model, RPMI 

2650 cells at a density of 50,000 cells per 0.33 cm² were seeded onto Transwell™ filter inserts 

(3 μm pore size, polycarbonate). The cells were cultured in a liquid-covered state for 8 days 

with refreshing the medium (MEM supplemented with 10% FBS, 1% Penstrep, and 1% non-

essential amino acids) every 2–3 days. After 8 days, the inserts were raised to an ALI and 

cultured for an additional 2-3 weeks to ensure full differentiation of the cells. 

The setup of the diffusion test is presented in Figure 6. For the test, BCD-MXP-PVA-SD, 

SBECD-MXP-PVA-SD and QABCD-MXP-PVA-SD samples were dissolved in phosphate 

buffer (PBS, pH 7.4) to reach a non-toxic MXP concentration. The same concentration of raw 

MXP in PBS (pH 7.4) was applied as a control. 600 μL of PBS (pH 7.4) was added to the 

basolateral compartment, and to start the permeation studies, 100 μL of the sample solutions 

was added to the apical side of the Transwell™ insert. Samples were taken from the basolateral 

side at specific time points (5, 10, 15, 30, 45, and 60 minutes) to measure the permeation of 

MXP across the epithelial layer. The solutions from the apical side were also collected to assess 

the decrease in API content after 60 minutes. The HPLC method described in section 4.2.6. was 

used for the determination of MXP-content. For statistical analysis, one-way ANOVA with 

Fisher’s multiple comparison test was applied using Minitab statistical software. A level of p ≤ 

0.05 was considered as significant 

 

Figure 6. Setup of the permeation study applying RPMI 2650 cells 
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4.2.6. MXP-content determination by high performance liquid chromatography (HPLC) 

An Agilent 1260 HPLC system (Agilent Technologies, San Diego, United States) was used 

to quantify the MXP amount in the samples. The mobile phase consisted of PBS (pH=2.8) and 

methanol in a ratio of 42:58 (% v/v). A Kinetex® EVO 5 µm C18 100 Å column (150 x 4.6 mm, 

Phenomenex, Torrance, CA, USA) was used for the separation. The injection volume for the 

samples was 10 µL and the separation was performed with an isocratic method, with the flow 

rate of 1 mL∙min‒1 for 6 minutes at 30 °C. MXP was quantified at 364 nm using a diode array 

detector. Data were evaluated with ChemStation B.04.03. software (Agilent Technologies, 

Santa Clara, CA, USA).  
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5. RESULTS AND DISCUSSION 

5.1. Physico-chemical characterization of the prepared samples 

5.1.1. Particle size and morphology of the spray-dried samples 

Laser scattering was applied for the determination of the particle size. The average particle 

size was between 1.89 and 3.05 µm (Table 5.). Although particles larger than 10 µm are retained 

most effectively in the nasal cavity when using nasal powders, the nasal physiological function 

is to filter out particles as small as 0.5 µm and prevent them to get to the lungs [132]. In addition, 

the type of delivery device significantly influences powder deposition patterns [133]. Bi-

directional devices offer promising opportunities to target smaller particles to the nasal cavity 

while minimizing lung deposition.  

Table 5. D(0.5) values of the samples 

Sample D(0.5) (µm) 

BCD-MXP-SD 1.89 ± 0.09 

BCD-MXP-PVA-SD 1.97 ± 0.06 

HPBCD-MXP-SD 2.72±0.09 

HPBCD-MXP-PVA-SD 2.58±0.21 

HPBCD-MXP-HA-SD 3.05±0.15 

SBECD-MXP-SD 2.21 ± 0.06 

SBECD-MXP-PVA-SD 2.14 ± 0.03 

QABCD-MXP-SD 2.10 ± 0.03 

QABCD-MXP-PVA-SD 1.89 ± 0.06 

Based on the SEM analysis, the spray-dried particles consistently demonstrated a uniform, 

spherical shape and smooth surface characteristics, some submicron-sized particles were also 

noticeable on them, the images are presented in Figure 7. Such spherical morphology is 

achieved during spray drying when the rate of the drying process is moderate. In contrast, rapid 

solvent evaporation – particularly in the presence of polymers – results in more collapsed, 

shrinked surface characteristics. The Peclet number, which characterizes the rate of the solvent 

evaporation, correlates to the drying rate: higher Peclet number indicates quicker drying often 
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resulting in hollow surface characteristics [134,135]. Our spray drying conditions resulted in 

lower Peclet number forming smooth surfaced particles.  

 

Figure 7. SEM images of the spray-dried samples 

5.1.2. Crystallinity of the samples  

The crystallinity of the spray-dried samples and PMs was examined by XRPD, the 

diffractograms are presented in Figure 8. In all PMs, the peaks of the initially crystalline MXP 

were detected at 2θ of 6.1, 15.5 and 24.6° [109]. The characteristic peaks of BCD appeared at 

4.5, 9.0, 10.7 and 12.5° [136], indicating its initially crystalline structure also, which is common 

for the “parent cyclodextrins”. Considering the substituted CDs and the polymers, their 

diffraction pattern could not be detected suggesting their amorphous state.  

In the spray-dried samples, all the previously observed peak disappeared referring to the 

complete amorphization of every originally crystalline material. This probably occurred due to 

the preparation process: spray drying often results in the amorphization of the products due to 

the lack of time for the formation of crystal lattice because of the quick drying process. Our 

formulations can be considered solid dispersions regardless of whether complex formation had 

occurred. Solid dispersions usually exhibit improved dissolution [137], which – in our case – 

would be a desirable outcome of the preparation process, given that most of the nasally applied 

formulations are removed quickly from the nasal cavity because of the mucociliary clearance. 

However, the amorphous state may raise concern about the physical stability of the products, 

which needs to be monitored [138]. 
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Figure 8. Diffractograms of (a) the PMs and (b) the spray-dried samples 

5.1.3. Thermal behavior of the samples 

DSC was used to investigate the thermal behavior of both the spray-dried samples and the 

PMs, Figure 9. presents the thermograms. In the PMs, the presence of sharp endothermic peaks 

around 160-170 °C, corresponding to the melting point of MXP, confirmed its crystalline 

nature. Additionally, an exothermic peak above 245 °C was observed attributed to the 

decomposition of the drug [139]. The broad endothermic bands between 40 and 150 °C referred 

to the dehydration of the CDs [140]. Besides, no thermal event was observed in the examined 
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temperature range except for SBECD. SBECD presented an endothermic peak at 274 °C 

followed by an exothermic peak at 280 °C, both attributed to its decomposition [141]. 

In contrast to the PMs, the melting peak of MXP disappeared from the thermograms of the 

spray-dried samples and the peak of its decomposition also shifted, broadened and diminished 

indicating the amorphization of MXP in the formulations. The results of the DSC corresponded 

to that of the XRPD. 

The preparation procedure resulted in amorphization of the initially crystalline materials 

leading to solid dispersions. Due to the lack of crystal lattice, a potential dissolution rate 

enhancement of the API is expected because no energy is required to break the structure during 

dissolution anymore [96].  
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Figure 9. Thermograms of (a) the PMs and (b) the spray-dried samples 

5.1.4. Secondary interactions in the formulations  

FT-IR measurement was implemented to study the possibly formed secondary interactions 

between the excipients and the drug. The individual compounds were compared to the prepared 

spray-dried samples, the spectra are presented in Figure 10.  
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MXP exhibited the typical peak of C=O from the amide bond at 1618 cm−1 [142]. In the 

spectra of the CDs, the peak assigned to the O‒H stretching was observed in the 3790‒3000 

cm‒1 wavenumber range and the peak of O‒H bending appeared at 1640 cm‒1, 1653 cm−1, 1647 

cm‒1 and 1598 cm‒1 for BCD, HPBCD, SBECD and QABCD, respectively [143–145].  

In the spray-dried formulations, the main event that could be observed was the appearance 

of a merged, shifted sharp peak in the 1650‒1550 cm‒1 wavenumber range. All BCD- and 

HPBCD-containing formulations exhibited it at 1616 cm−1 and the SBECD-containing 

formulations at 1623 cm−1. This indicates the potential engagement of the API and the 

excipients in hydrogen bonding. The shifting occurred regardless of the presence of PVA and 

HA, their effect might have been shaded because of the low polymer-content of the samples. 

Comparing the corresponding individual compounds to the spray-dried QABCD-

containing formulations, no change was observed in the spectra indicating the absence of 

secondary interactions; however, this measurement method is not able to detect the possibly 

formed electrostatic interaction between MXP and QABCD in the formulation. 

 

Figure 10. FT-IR spectra of the individual compounds and (a) BCD-related samples, (b) 

HPBCD-related samples, (c) SBECD-related samples and (d) QABCD-related samples 

5.2 In vitro measurements 

5.2.1. In vitro mucoadhesion test 

A texture analyser was applied to mimic and test the adhesion of the powders to the nasal 

mucosal surface. Conclusions were made based on the recorded maximum detachment force 

and work of adhesion values, which are presented in Figure 11.  
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Considering maximum detachment force, significantly higher values were detected for each 

type of sample when contacting mucin compared to SNES. Furthermore, in the presence of 

mucin, every CD-based sample was significantly different from raw MXP except for BCD-

MXP-SD. The polymer content did not affect the peak force, neither PVA nor HA showed a 

significant effect. Maximum detachment force demonstrates the maximum force required to 

separate two surfaces and it is associated with the strength of secondary interactions formed 

between the mucus and the applied materials [146]. Thus, the presence of the CDs was 

necessary for the formation of these interactions except for BCD, while the same could not be 

determined with certainty for the polymers.  

As for the work of adhesion, in most of the cases no significant difference was found between 

the mucin and SNES contacting samples, so general conclusions could not be established. 

However, the measured values were similarly high to a mucoadhesive cysteine-chitosan 

conjugate prepared and examined for nasal application by Kiss et al [147]. Work of adhesion is 

considered to reflect both the physical interpenetration and entanglement of the polymer chains 

and mucin along with the strength of secondary interactions [146]. In our case, the reason of 

the detected high work of adhesion values was probably the water uptake of the samples. 

Presumably, after the wetting and swelling of the powders, the liquid was absorbed quickly 

through the capillaries of the pastilles when contacting the filter papers. This process likely 

resulted in the dehydration of the artificial mucosal surface thereby creating a strong physical 

adhesion irrespective of mucin’s presence. Our observation suggests that the samples may 

initially display significant adhesive strength to the nasal mucosa prior to their dissolution. 

In summary, the presence of the CDs – except for BCD – was essential for establishing 

secondary interactions with mucin, moreover, the powders may exhibit a strong adhesion upon 

initial contact with the mucosa. While this measurement did not confirm the advantageous role 

of the polymers, their inclusion in nasal formulations could provide enhanced viscosity at their 

application site potentially decelerating the mucociliary clearance. 
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Figure 11. (a) Maximum detachment force and (b) work of adhesion values 

5.2.2 In vitro dissolution of MXP from the samples 

The MXP dissolution from the samples was monitored in-line applying nasal conditions, 

the results are presented in Figure 12. Raw MXP, used as a reference, dissolved significantly 

slower than any other formulation, only 46% of it was detected in the solution after 5 min. In 

contrast, all spray-dried formulations achieved nearly complete dissolution within the first 

minute. The applied polymers did not have a noticeable impact on the dissolution rate.  

The experienced rapid API dissolution can be attributed to multiple contributing factors, 

including particle size reduction, amorphization of MXP in the products and the presence of 

highly water-soluble CDs, which could improve the wettability of the formulations [148]. Since 

drug absorption through the nasal mucosa requires the API to be dissolved in the mucus [13], 

faster dissolution may lead to enhanced bioavailability because of the higher concentration 

gradient. 
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Figure 12. In vitro MXP release from the (a) polymer-free and (b) polymer-containing 

formulations 

5.2.3 In vitro permeation studies applying an artificial mucosa 

A horizontal diffusion model with an artificial mucosa was applied to test the in vitro 

diffusion of the samples, Figure 13. presents the results. Raw MXP was selected as a reference 

compound, from which 54.6 µg·cm⁻² diffused to the acceptor phase within the 1-hour period. 

Among the polymer-free samples, the highest extent of drug permeation was observed from the 

cationic QABCD-based formulation, with a significantly greater amount – 208 µg·cm⁻² – 

compared to raw MXP and the other three formulations. Notably, BCD-MXP-SD, HPBCD-

MXP-SD and SBECD-MXP-SD showed similar drug diffusion values, 96.4, 91.9 and 85.3 

µg·cm⁻², respectively, without statistically significant differences from raw MXP. 
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Considering the polymer containing samples, HA-content seemed to be favorable in the 

HPBCD-based sample, it exhibited a significantly higher permeation rate compared to raw 

MXP and the polymer-free samples, but significantly lower than the PVA-containing samples. 

In the presence of PVA, all CD-based formulations demonstrated markedly enhanced 

permeation rates. QABCD-MXP-PVA-SD exhibited an outstanding diffusion rate of 316.3 

µg·cm⁻². The BCD, HPBCD- and SBECD-based PVA-containing formulations also showed 

high permeation values, 215.3, 194.2 and 205.3 µg·cm⁻², respectively, which were nearly 

equivalent to the PVA-free QABCD-MXP-SD formulation. These findings highlight the 

influence of both the cyclodextrin's type and the presence of PVA on API permeation. 

QABCD significantly enhanced MXP permeation relative to BCD, HPBCD and SBECD. 

We hypothesize that electrostatic interactions contributed to the improved permeation: upon 

dissolution, MXP dissociates into potassium ions and anionic meloxicam, which can interact 

favorably with the cationic moieties of QABCD. This interaction likely plays a key role in the 

observed increase in diffusion. 

Overall, PVA consistently exhibited beneficial effect on the permeated drug quantity 

under simulated nasal conditions, it outperformed HA. The dissolution rate did not appear to be 

the rate-limiting step in diffusion, as all formulations released the drug rapidly. It should be 

noted, however, that the current diffusion model only permits evaluation of passive diffusion 

across the artificial membrane, which does not mimic intercellular interactions.  

For further experiments, the PVA-containing samples were selected to gain more insight 

into their stability and the potential permeation-enhancing properties of the CDs on a nasal cell 

line. 
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Figure 13. In vitro MXP diffusion from the (a) polymer-free and (b) polymer-containing 

formulations 

5.3. Accelerated stability testing of the selected samples 

5.3.1. Morphology of the spray-dried particles 

The morphology was observed applying SEM, the images are shown in Figure 14. As stated 

before, spray drying resulted in spherical, smooth surfaced particles with an average particle 

size around 2 μm, this state of the powders was considered as a starting point. After 1 month of 

storage, differences in the morphology were detected. The BCD-based formulation did not 

show any obvious change, while aggregate formation between the particles of HPBCD-MXP-

PVA-SD was clearly visible. The most drastic change in the morphology of the particles was 



37 

 

observed in the two charged CD-based formulations: the individual particles disappeared, 

merged, glass-like blocks were formed in both cases.  

The exhibited changes were most likely a consequence of the highly humid environment, 

the charged CD-based formulations absorbed so much water, that they practically became 

liquified.  

 

Figure 14. SEM images of the PVA-containing samples from before storage and after 1 

month 

5.3.2. Physico-chemical stability of the samples 

The diffractograms of the samples put into stability are shown in Figure 15. As a result of 

spray drying, the initial formulations were amorphous, and after 1 month of storage, neither of 

the samples showed any signs of recrystallization. This could be attributed to both the presence 

of PVA and the amorphous CDs. Polymers and other originally amorphous matrices have a 

stabilizing effect on the amorphous structure of solid dispersions through the formation of H-

bonds thereby reducing crystal nucleation and growth [149].  
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Figure 15. Diffractograms of the PVA-containing samples from before storage and after 1 

month 

The thermal behavior of the samples was also studied (Figure 16). Here it was found that the 

two neutral CD-based samples did not show any change in their thermograms, the formulations 

kept their amorphous structure, as detected by XRPD. However, new endothermic peaks 

appeared after 1 month in the thermograms of the SBECD- and QABCD-based samples. These 

were most likely present due to the water uptake of these formulations as it was visible in the 

SEM images.  

 

Figure 16. Thermograms of the PVA-containing samples from before storage and after 1 

month 

5.3.3. Drug content change in the samples 

The drug content of the samples was also studied during the stability test, it is presented in 

Figure 17., the statistical comparison of the results was carried out with 2-sample t-tests. After 

1 month, there was a significant decrease in the drug content of BCD-MXP-PVA-SD and 
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SBECD-MXP-PVA-SD sample comparing them to their “before storage” state. Their drug 

content was above the 5% acceptance limit defined by the ICH Q1A (R2) [150]. The 

experienced decrease was most likely due to the degradation of the API.  

 

Figure 17. Drug content of the samples 

5.3.4. Short discussion on the stability results 

The accelerated stability test was carried out to have information on the physical, physico-

chemical and chemical stability of the PVA-containing samples. Based on the results, it is not 

possible to select a “best” formulation in terms of stability, as the BCD-based sample showed 

the least change in morphology, all the samples kept their amorphous structure, and the drug 

content of HPBCD-based and QABCD-based samples did not change significantly. However, 

based on the findings of this study, it can be highlighted that the samples are sensitive to the 

humidity of the environment, which could be improved by further optimization of the 

composition and/or proper packaging.  

In the next section, the cell-based experiments will be presented, for which the samples 

were selected based on the type of the CDs and the stability data. 

5.4. Cell-based measurements 

5.4.1. In vitro toxicity on RPMI 2650 cells 

CDs and MXP alone as well as BCD-MXP-PVA-SD, SBECD-MXP-PVA-SD and 

QABCD-MXP-PVA-SD were selected for further cell-based measurements. Their non-toxic 

concentrations were determined based on their effects on membrane integrity and cell viability 

after 1 h of incubation using nasal RPMI 2650 cells.  

As shown in Figure 18., CDs alone did not influence the cell viability, while they showed 

a concentration-dependent effect on the membrane integrity. BCD did not seem to disturb the 

membrane integrity in the tested concentration range, while SBECD and QABCD caused a 
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significant increase in the LDH release compared to cell control above 1 mM and 2.5 mM 

concentrations, respectively. According to our findings, BCD can be considered more tolerable 

to RPMI 2650 cells than QABCD and SBECD. The cytotoxic effect of these cyclodextrins had 

not been studied yet on RPMI 2650 cells except for BCD [151]. According to the literature, the 

toxicity of CDs correlates with their cholesterol extraction capacity [40]. In a study, QABCD 

and SBECD were found to be similarly safe at higher concentrations for the tested cells 

presenting similar cholesterol extraction capacity too, compared to other CDs [152]. It is 

important to emphasize that different cell types react to CDs to a different extent and the 

concentration and exposure time influence the results of the toxicity studies [153]. Too long 

exposure to high concentration CD solutions may lead to irreversible changes in the membranes 

leading to cell deaths, while lower concentrations with less exposure times can lead to reversely 

disturbed membrane integrity without notably decreasing cell viability [154].  

Regarding raw MXP and the tested PVA-containing formulations, neither of them caused 

a significant increase in LDH release over the concentration range tested compared to the cell 

control. In contrast, cell viability assays indicated a significant decrease testing raw MXP 

solutions in the range of 125-25 µg/ml except for 25 µg/ml, but only the 125 µg/ml solution 

caused the viability to decrease to 68%. For the spray-dried formulations, only the 125 µg/ml 

MXP-containing solution of BCD-MXP-PVA-SD resulted in a significant reduction in viability 

to 72±2 %, neither SBECD-MXP-PVA-SD, nor QABCD-MXP-PVA-SD approached the 

viability threshold of 70 %, which is considered as non-toxic [155]. CDs can potentially play a 

protecting role against the toxic effect of APIs [156], which may have been the case here also, 

although other cell-based studies should be performed to prove this hypothesis.  

For further experiment, to ensure that the results of the permeability study are not affected 

by the toxicity of the formulations so that the results are comparable, a concentration of 95 

µg/ml of MXP was chosen as it was confirmed for every sample that it was not harmful to cells.  
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Figure 18. Effect on the LDH release and cell viability (%) of (a) CDs, (b) raw MXP and (c) 

the formulations 

5.4.2. In vitro permeation studies applying RPMI 2650 nasal cells 

For the permeation study, 95 µg/ml MXP concentration solutions were applied for the 

raw API as well as the PVA-containing formulations. The results are presented in Figure 19. 

and Table 6.  

Among the samples, SBECD-MXP-PVA-SD exhibited a permeation of 4.5 µg/cm2, 

which was significantly higher than all the other formulations and raw MXP, which showed 

comparable, lower permeation rates. After 60 mins, the highest drug concentration in the apical 

compartment was found for raw MXP. The QABCD-based and BCD-based samples 

demonstrated significant changes compared to raw MXP. SBECD-containing formulation 

resulted in the lowest drug concentration, significantly differing from all the other samples.  

Taking into consideration both the permeation rate and the MXP-concentration in the 

apical compartment, it can be concluded that only the presence of the negatively charged 
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SBECD resulted in enhanced permeation of the drug on the tested cell line during the 

experimental period. CDs are known to have permeation enhancing features due to combined 

effects of two factors: improving the solubility of drugs making them accessible for absorption 

and interacting with biological membranes. In our case, the solubility enhancing effect of 

SBECD was not proven, most likely due to electrostatic repulsive forces between the negatively 

charged CD and meloxicam anion. However, SBECD could still have affected the cells, which 

proves that the presence of CDs may be favorable not only for drugs with low water-solubility. 

The comparison of our results with previous studies is difficult as there is only one study in the 

literature that involved RPMI 2650 nasal cells, mostly Caco-2 cells or excised mucosal tissues 

are applied for such studies [50,157]. Rassu et al. tested QABCD among others and reported 

the internalization of this CD in the RPMI 2650 cells making it potentially applicable for nasal 

administration of drugs [158]. In our case, the presence of this cationic CD was not proven to 

be favorable.  

 

Figure 19. Permeated amount of MXP through RPMI 2650 cells 

Table 6. MXP amount in the apical and basolateral compartment after 1 hour 

 
MXP amount in apical 

compartment after 60 

min (%) 

Permeated MXP amount 

after 60 min (%) 

Raw MXP 79.6 ± 1.2 5.4 ± 2.9 

BCD-MXP-PVA-SD 71.5 ± 1.0  5.5 ± 3.8 

SBECD-MXP-PVA-SD 63.3 ± 0.6  15.8 ± 4.8  

QABCD-MXP-PVA-SD 74.7 ± 4.8 6.4 ± 3.7 
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6. CONCLUSIONS 

The findings of this PhD work, which aimed to prepare MXP-containing solid nasal dosage 

forms are summarized in the following points: 

I. Based on the literature review, we decided to apply different beta-CDs and water-

soluble polymers as they appeared to be promising excipient options to tackle the 

challenges this administration route faces: the relatively low permeability and the quick 

clearance of the administered drugs. Of all the preparation procedure options for nasal 

powders, nano spray drying was selected as it provides an opportunity to prepare 

particles with controlled size and morphology from liquid feed in a fast and easily 

scalable way. During our work, nasal powders were aimed to be prepared containing a 

patented but so far not marketed NSAID, MXP with a fast drug release (<5 min), good 

adhesion, physical and chemical stability and improved permeability. Up until now, the 

administration of NSAIDs through the nasal route for systemic action has been a less 

discovered area, only one NSAID-containing nasal spray is available on the market. 

Furthermore, only a few nasal powders have been marketed so far, which together with 

the lack of nasal pain relief options with NSAIDs justifies the relevancy of the topic 

selection of this Ph.D. work. 

II. With the applied preparation method, microparticles were prepared with spherical 

morphology and smooth surface characteristics thanks to the lower drying rate. The 

originally crystalline materials, including MXP, were amorphized as a consequence of 

the preparation method in every sample which was confirmed by the XRPD and DSC 

measurements. In addition to that, the formation of secondary interactions between the 

CDs and MXP was confirmed except for the QABCD-based samples; however, the 

possibly formed electrostatic interaction between meloxicam anion and cationic 

QABCD was not detectable with the applied characterization method.  

III. During the in vitro mucoadhesion test, the following phenomena were observed: (1) The 

maximum detachment force – which refers to the formed secondary interactions 

between the tested materials and mucin – was significantly higher in every case, except 

for BCD, than it was measured for raw MXP and mucin. This suggests that the presence 

of CDs contributed to the formation of these secondary interactions between the samples 

and mucin. (2) The powders presented comparably strong adhesion to a mucoadhesive 

chitosan derivative regardless of the presence of mucin which could have occurred due 
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to the dehydrating effect of the samples resulting in a strong physical interaction. This 

predicts the strong adhesion of all powders at their application site until their dissolution. 

(3) The type of CDs did not seem to affect the adhesion of the formulations based on 

this measurement. (4) Neither the formed secondary interactions, nor the strength of the 

adhesion was influenced by the presence of the polymers evidently. Although, this does 

not mean that the application of PVA and HA would not make sense, because the 

applied method was not able to detect the potential viscosity increasing effect of these 

polymers at the site of nasal powder application.  

The in vitro dissolution of MXP under nasal conditions was accelerated significantly. 

The complete release of the API was observed in 1 min from all the samples compared 

to raw MXP which yielded only 46% in 5 min. This could be attributed to the formation 

of amorphous solid dispersions and the low particle size along with the presence of the 

highly water-soluble CDs. There was no difference observed based on the type of the 

CD or the applied polymer. The combination of this preparation method with the applied 

excipients can be considered highly suitable to prepare nasal powders with fast drug 

release.  

The drug release was not a rate determining step in the in vitro permeation of MXP 

through the artificial mucosa. Here it was found that the type of the CD as well as the 

type of the polymer influenced the permeation rate. The cationic QABCD outperformed 

all the other samples in the presence of PVA. Even without PVA, it exhibited a similar 

permeation rate to the other, PVA-containing samples. It is hypothesized that the 

observed higher diffusion may be in connection with the presumably formed 

electrostatic attracting forces between meloxicam anion and cationic QABCD. 

Regarding the other polymer, HA also improved the permeation rate of MXP. Although, 

it significantly underperformed PVA, PVA improved the passive diffusion of MXP 

from all samples. As its positive effect was convincing, only PVA-containing samples 

were selected for further stability studies.  

IV. The accelerated stability screening provided mixed results and conclusions; the choice 

of the best performing formulation was not possible. In terms of morphology, BCD-

MXP-PVA-SD provided the best results, it maintained its morphology, the individual 

particles stayed noticeable, while all other formulation underwent significant 

morphological changes, which can be a major issue for powders. The amorphous state 

was maintained for all samples, the solid dispersion was stabilized by PVA and the 

amorphous CDs, while a decrease in drug content was detected for BCD- and SBECD-
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based samples. The observed changes can be attributed to the effect of the conditions of 

the study, the high tendency to absorb water was proven for all the substituted CD-based 

samples. Cell-based measurements were proceeded with BCD-MXP-PVA-SD, 

SBECD-MXP-PVA-SD and QABCD-MXP-PVA-SD formulations. 

V. The toxicity studies, which were carried out for the first time with the charged CDs and 

MXP on RPMI 2650 cells, revealed that while CDs affected the LDH release of the 

cells, MXP impacted the cell viability in a concentration dependent manner. BCD did 

not cause any significant change in the LDH release compared it to the cell control in 

the examined concentration range, while the 2.5 mM concentration of SBECD and 5 

mM concentration of QABCD resulted in a significant increase. For raw MXP, the cell 

viability percentage was lower than 70% for the 125 µg/ml concentration solution which 

is considered as the acceptance limit of non-cytotoxic effect.  

The formulations were tested based on the MXP concentration of their solutions. Only 

the 125 µg/ml MXP concentration solution of BCD-MXP-PVA-SD caused a significant 

decrease in cell viability to 72%, all the other formulations exhibited higher viability 

values, which suggests that the applied CDs might have had a protecting effect on the 

cells at higher MXP concentrations. To ensure that the further permeation study results 

were not affected by the toxicity of the formulations, the 95 µg/ml MXP concentration-

solutions were tested.  

VI. For the permeation study of MXP, ALI-cultured RPMI 2650 cells were applied first in 

the literature to examine the potential permeation enhancing effect of the applied BCDs 

in nasal conditions. The accelerating effect of the CDs was evaluated taking into 

consideration the MXP amount in both the apical and the basolateral compartment. 

Based on that, it could be concluded that only SBECD had a significant impact on the 

diffusion of the API, which contrasted with the permeation results across the artificial 

mucosa. We hypothesize that MXP might not primarily be absorbed through passive 

diffusion and the CDs might have had a different effect on the cell membrane integrity 

and the tight junctions. This observation suggests the usefulness of this CD in improving 

the permeation of water-soluble drug. 

VII. Lastly, to summarize the findings briefly, our preparation process yielded amorphous 

solid dispersions. The CDs – regardless of their type – contributed to the fast dissolution 

of the API together with the low particle size and the amorphous structure. Secondary 

interactions were detected with MXP in the formulations except for QABCD which may 

have formed electrostatic interaction with the drug. CDs also seemed to contribute to 
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the formation of secondary interactions with mucin in the mucoadhesion test, but the 

importance of their type was not confirmed evidently, for instance, the effect of their 

charge wasn’t observed. The permeation of the API through an artificial mucosa 

examining the polymer-free samples was improved only in the presence of QABCD, 

the other CDs did not show a significant effect. In terms of stability, it was clearly visible 

that the highly water-soluble BCD derivatives tended to absorb the humidity of the 

environment due to which they could not maintain their morphology. Furthermore, the 

drug content of the SBECD- and BCD-based samples significantly decreased. The 

tolerability of the CDs to RPMI 2650 cells followed the order of BCD – 5 mM > 

QABCD – 2.5 mM > SBECD – 1 mM. The permeation enhancing effect on the cells for 

MXP was confirmed only for SBECD.  

Regarding the applicability of polymers, neither PVA, nor HA had a proven effect on 

the rate of MXP dissolution or the adhesion of the samples. However, PVA exhibited 

convincing evidence for its permeation accelerating impact through the artificial 

mucosa, it significantly improved the drug diffusion in all cases. HA also improved drug 

diffusion, but its effect was significantly lower than PVA’s. PVA most probably also 

contributed to maintaining the amorphous structure of the samples through the stability 

study.  

 

The combination of BCDs and water-soluble polymers in nasal powder formulations for 

the absorption enhancement of MXP was reported first in the literature as a part of this 

Ph.D. work. Furthermore, the investigation of concentration-dependent cytotoxic 

effects of SBECD, QABCD, MXP and the mentioned formulations on RPMI 2650 nasal 

cell line had not been observed before. In addition to that, the permeation testing of 

MXP in the presence of the different BCDs and PVA was carried out first in the 

literature on ALI-cultured RPMI 2650 nasal cell line. Although SBECD-MXP-PVA-

SD wasn’t the best performing formulation in terms of drug diffusion through the 

artificial membrane or stability, the enhanced permeation of MXP through the nasal cell 

line was observed only for this sample. The combination of SBECD and PVA provides 

a good base for a novel nasal powder formulation with fast MXP release and potentially 

improved bioavailability. However, further optimization of the composition and the 

application of non-permeable packaging would be required to solve the stability issue.  
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