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1. INTRODUCTION

There are several areas in pharmaceutical technology which aim to solve problems
with innovative approaches. These fields include: (i) the investigation of alternative sites of
drug administration, such as pulmonary, nasal and transdermal delivery, (ii) innovative
ways to increase the poor aqueous solubility of pharmacons and drug candidates, (iii) the
nanotechnology, formulation of drug nanoparticles, (iv) the delivery of biopharmaceuticals,
peptides and proteins, (v) testing the toxicity and efficacy of innovative pharmaceutical
excipients and (vi) the establishment of in vitro test systems for pharmaceutical screening
purposes.

The use of the nasal pathway for the delivery of drugs is an emerging field in both
pharmaceutical sciences and pharmaceutical industry. While the great majority of nasal
formulations are designed and used for local delivery to treat nasal allergy, congestion or
infections, other applications of nasal delivery have gained importance in recent years
(Mum, 2003). The nasal route offers possibilities for systemic and vaccine delivery which
are increasingly exploited. This alternative pathway can be especially useful in the case of
drugs with systemic action that are difficult to deliver via routes other than injection. There
is a growing number of such drugs marketed as nasal formulations abroad and in Hungary.
The main advantages of the nasal administration of drugs include (i) circumvention of the
first-pass elimination by the liver and gastrointestinal tract, (ii) rapid onset of action, (iii)
non-invasive, easy daily administration, good compliance of the patients.

In the experimental work summarized in the thesis, two model compounds were
used, meloxicam, a drug with poor aqueous solubility and dextran, a hydrophilic
paracellular marker with an average molecular weight of 4.4 kDa, a size of a peptide.
Innovative pharmaceutical formulations and excipients were applied to develop
pharmaceutical compositions for systemic nasal drug delivery. Nanonization of the active
agent meloxicam to increase its solubility and permeability, and modifying the paracellular
permeability of the larger molecular weight compound dextran with pharmaceutical
excipients were performed.

Cell culture investigations offer novel perspectives for pharmaceutical technology.
Cytotoxicity and permeability assays are routinely used on different primary isolated cells
and immortalised cell lines. To screen drug formulations, excipients and pharmaceutical
compositions for their nasal epithelial toxicity and permeability we have developed and

characterized an in vitro cell culture model.



1.1. Nasal delivery of drugs to the systemic circulation — General considerations

Intranasal administration is an effective way to deliver drugs into the systemic
circulation as an alternative to the oral and parenteral routes for some therapeutic
agents (Fig. 1). Undoubtedly, the nasal administration of medicines has been widely used
for the treatment of topical nasal conditions such as nasopharyngitis or allergic rhinitis for
many years. The nasal pathway may circumvent the blood—brain barrier and allow
centrally acting pharmacons a direct transport route to the central nervous system as
reviewed by Illum (2003). Previous studies from our laboratory also indicated the presence
of this pathway (Wolburg et al., 2008; Horvat et al., 2009). Concerning systemic delivery,
drugs can be rapidly absorbed through the nasal mucosa, resulting in a quick onset of
action, and avoiding degradation in the gastrointestinal tract and first-pass metabolism in
the liver (Ugwoke et al., 2001; Arora et al., 2002).

Intranasal administration

J

Nasal cavity

Centrally acting pharmacons Locally acting medicines

Directtran sport

Brain tissue Transepithelial absorption

~

I Transportthrough the BEE I\/

Systemic circulation

Drugs with systemic effect

Fig. 1: Intranasal administration of drugs. The target for drug delivery can be the nasal mucosa, the central
nervous system or the systemic blood circulation.

Nasal absorption is affected by physicochemical, anatomical and physiological, as
well as formulation factors. The bioavailability of different active agents varies between
1% and 90%. Many drugs display high bioavailability by the nasal route, particularly if
they have lipophilic characteristics (Davis and Illum, 2003). The number of nasal

formulations which are available on the pharmaceutical market is rapidly growing. The use
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of nasal administration of drugs is especially important in the treatment of migraine, severe

pain and hormone replacement (I1lum, 2003).

Lipophilic drugs can be expected to demonstrate rapid and efficient absorption when
given nasally, but more polar compounds are poorly absorbed. Bioavailabilities of about
1% are to be expected for biopharmaceuticals such as insulin, calcitonin or leuproline, and
even less for higher molecular weight peptides and proteins such as growth hormone,
interferons and growth factors (Kissel and Werner, 1998). The low uptake of drugs from
the nasal cavity can be associated with three major factors, (i) poor transport, permeation
across the nasal epithelium; (ii) possible enzymatic degradation in the nasal cavity;
(iii) rapid mucociliary clearance from the site of absorption (Schmidt et al., 1998).

During the formulation of a pharmaceutical dosage form intended for intranasal
application, several factors should be taken into consideration (Ugwoke et al., 2005). The
poor solubility of a drug and its low rate of dissolution can lead to insufficient absorption
or delayed therapeutical effect. Indeed the nasally administered pharmaceutical
preparations will be cleared rapidly from the nasal cavity into the gastrointestinal tract by
the mucociliary clearance system (Chien et al., 1992). Sodium hyaluronate is the sodium
salt of hyaluronic acid, a naturally occurring linear polysaccharide with excellent
mucoadhesive capacity (Prestwich and Vercruysse, 1998) can be selected as an excipient
of nasal compositions (Liao et al., 2005). Although hyaluronan is used in diverse drug
delivery systems e.g. ophthalmic, pulmonary and vaginal (Liao et al., 2005; Ludwig, 2005;
Bonferoni et al., 2006), it has not been widely exploited for nasal drug delivery to the
systemic blood circulation. Our research group has already used sodium hyaluronate as a
viscosity-increasing and mucoadhesive component in a nasal formulation (Horvat el al.,
2009). Due to the mucoadhesive properties of this biopolymer, sodium hyaluronate can
enhance the permeability of drugs via mucosal tissues by increasing residence time on the
site of absorption (Lim et al., 2000; Cho et al., 2003; Ludwig, 2005; Schiller et al., 2011).
The low epithelial toxicity of this polymer is also favourable in nasal compositions
(Miyazaki et al., 1996; Horvat et al., 2009).

1.2. Drug nanoparticles — Innovations in pharmaceutics with nanotechnology

Nanotechnology, a quickly developing area in the last decade, has a significant
influence on pharmaceutical sciences by offering new solutions for existing problems.

Transfer of drugs into the nano-dimension changes their physicochemical properties;
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nanoparticles are used in pharmaceutics to develop a novel formulation principle for poorly
soluble active agents (Junghaus and Miiller, 2008).

Over the last ten years, the number of poorly soluble drugs has continuously
increased. Nanonization of pharmacons offers a great possibility to increase their solubility
(Ambrus et al., 2009) and to enhance permeability through mucosal barriers (Morgen et al.,
2012). Nano-sized drug particles with carriers can overcome the resistance offered by
biological barriers (Rawat et al., 2006).

Two basic approaches are involved in the production of nanoparticles, the bottom—up
technologies (controlled precipitation, crystallization) and the top—down (high pressure
homogenisation, wet milling, co-grinding) technologies. Precipitation methods are in
research phases due to the complexity of the process and there are no pharmaceutical
products on the market based on these technologies. Although crystalline nanoparticles
have already introduced to the market, amorphous nanoparticles might belong to the
second improved generation, because of their dissolution velocity and higher solubility
(Shegokar and Miiller, 2010). Importantly, there are no such data on meloxicam, a poorly
soluble non-steroid antiinflammatory drug, widely used in clinical therapy.

Size reduction of drugs is often performed by dry milling (Delagrammatikas et al.,
2007; Vegt et al., 2009), although the size limit is around 3 um due to the aggregation of
the particles. Recently studies focusing on particle size reduction to the submicron region
by co-grinding process have been attempted (Sugimoto et al., 1998; Wanawongthai et al.,
2009; Tozuka et al., 2011).

Co-grinding is a disintegration procedure for the preparation of nanoparticles by
grinding the drug with polymers (Moribe, 2006). A main advantage of co-grinding as
compared to other methods is its simplicity and organic solvents are not needed for the
preparation of nanoparticles; therefore it is an economically and environmentally desirable
technology (Barzegar-Jalali et al., 2010).

Breakage of drug crystals into nanoparticles creates an increased particle surface
area, which is thermodynamically unfavourable. Thus, nano-sized particles tend to
agglomerate to reduce their surface area. Particle agglomeration can be prevented by steric
stabilization using polymeric excipients (Rabinow et al., 2004).

Water-soluble polymers have been typically used as excipients of the co-grinding
process (Shakhtshneider et al., 1996; Jafar et al., 2010). In a study of Vogt et al. (2007) the
rate of dissolution of poorly soluble drug was improved by co-grinding them with various

excipients (lactose monohydrate, corn starch, polyvinylpyrrolidone, hydroxypropylmethyl
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cellulose and sodium lauryl sulphate) using a jet-milling technique (Vogt et al., 2007). The
unique properties of polyvinylpyrrolidone (PVP), such as its good solubility, its
solubilising and film-forming abilities, its stabilizing effects in suspensions and emulsions,
and its binding properties, make it a versatile excipient of pharmaceutical technology. PVP
can form stable association compounds or complexes with a number of active agents (eg.
PVP-iodine). The ability of PVP to form a water-soluble complex with insoluble active
agents can be used in pharmaceuticals to improve the solubility and the dissolution rate of
drugs (Folttmann and Quadir, 2008). Polyethylene glycol (PEG) is a semi-crystalline
grinding excipient and it can be also used in grinding processes (Dehghan and Jafar, 2006).

The co-grinding of MEL with polymers was performed by Dehghan and Jafar
(2006); in their experiments MEL solid dispersions were prepared, although the solvent
evaporation method was favourable concerning the elevation of the rate of MEL
dissolution.

Previously MEL drug nanoparticles have been prepared by using an emulsion-
diffusion method, high-pressure homogenization or sonication (Ambrus et al., 2009). In an
other study MEL nanoparticles were produced by combining anti-solvent precipitation and
high pressure homogenisation approaches in presence of selected stabilizers and converting
into dry powders by spray-drying (Raval and Patel, 2011).

Nasal delivery of MEL was studied by Wang et al. (2011), and pharmacokinetics
after nasal administration was comparable to intravenous administration. The combination
of nanotechnology with drug administration using alternative sites has perspectives in the

development of efficient and safe medications.

1.3. Permeability enhancers — Innovative pharmaceutical excipients

A critical factor for nasal absorption is the permeation across the nasal epithelial cell
layers. The pathways for absorption across the nasal respiratory epithelium are similar to
those across other epithelia in the body (Fig. 2). Lipophilic drugs, like meloxicam, are
transported transcellularly by passive lipid-mediated free diffusion, whereas hydrophilic
small compounds, peptides or proteins and biomolecules, cross the barrier passively via the
paracellular pathway, or use active carrier- or receptor-mediated processes (Deli, 2009).

The paracellular permeability, one of the most important determinants of drug
transport, of various epithelial tissues and barriers differs greatly (Deli, 2009).
Transepithelial resistance, measuring paracellular ion flux and reflecting the tightness of

the intercellular junctional complex, is low in the nasal mucosa, which is considered as a
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leaky epithelial tissue. The tight junctions in the small intestine, the stomach and the colon
are of intermediate tightness, while brain capillaries and the skin epithelial cells form very
tight paracellular barriers (Deli, 2009).

Nasal cavity Transcellular Paracellular
Tight o - ®
JunCGn ¢ Carrier- Lipid-

&mediated mediated

‘
Epict:gﬁlial i j, |
e = ¢ ,,
' 1
& j
Submucosal v l
tissue o > ¢

Fig. 2: Pathways through the nasal epithelium. Lipophilic drugs cross the epithelial layers transcellularly,
hydrophilic compounds pass the barrier para- or transcellularly.

Since the junctions between epithelial cells constitute the strongest barrier in the
nasal system (Wolburg et al., 2008), considerable effort has been directed towards the
development of technologies that can improve the permeation across these cells (Illum,
2003). Methods to enhance or promote absorption by using formulation additives have
therefore been extensively studied. Absorption enhancers can increase permeation of drug
molecules through the barriers of the body, including the nasal epithelium (Deli, 2009).
Surfactants, cationic polymers, cyclodextrins and many other types of compounds have
been applied so far (Alpar et al., 2005).

Surfactants are solubilising excipients widely used in oral, injectable and nasal
formulations (Behl et al., 1998; Davis and Illum, 2003). Non-ionic surfactants have been
shown to be less toxic than ionic surfactants to biological membranes (Arechabala et al.,
1999). Macrogol-glycerolhydroxystearate 40 (Cremophor RH40) and polysorbate 80
(Tween 80) are non-ionic solubilising and emulsifying agents. These surfactants can be
used to increase bioavailability of drugs by solubilising of poorly soluble compounds,
increasing cell membrane fluidity, or augmenting paracellular absorption (MacDonald et
al., 2010).

Polyoxyethylene castor oil derivatives (Cremophors) are a series of compounds

obtained by reacting varying amounts of ethylene oxide with either castor oil or
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hydrogenated castor oil. Cremophors are used in oral, topical and parenteral
pharmaceutical formulations (Wade and Weller, 1994). We have a favorable experience
with Cremophor RH 40 in nasal formualtions. Cremophor could enhance the nasal
absorption and targeting of a peptide-size test molecule in combination with the
mucoadhesive hylauronic acid in rats (Horvat et al., 2009).

Polyoxyethylene sorbitan fatty acid esters (polysorbates) are a series of fatty acid
esters of sorbitol and its anhydrides copolymerized with approximately 20 moles of
ethylene oxide for each mole of sorbitol and its anhydrides. Polysorbates are hydrophilic
non-ionic surfactants used widely as emulsifying, solubilising and wetting agents.
Polysorbates 20, 40, 60 and 80 are included in the FDA Inactive Ingredients Guide for i.m.,
I.v., oral, rectal, topical and vaginal preparations (Wade and Weller, 1994).

Innovative pharmaceutical excipients, sucrose fatty acid esters are non-ionic surface-
active agents consisting of sucrose as hydrophilic group and fatty acids as lipophilic
groups. Sucrose contains 8 hydroxyl groups, and it is therefore possible to produce sucrose
esters containing from 1 to 8 fatty acid moieties. In sucrose esters, the fatty acids are
attached to sucrose, a disaccharide consisting of two monosaccharides, glucose and
fructose. The commercial sucrose esters are mixtures of sucrose esters with various
esterification degrees. Due to their complexity, they exhibit very diverse behaviour, like
the glycerides. Sucrose esters are commonly used in food and cosmetic industries as
emulsifiers, antibacterial agents or crystallization inhibitors (Garti et al., 2000; Csaki,
2011). Recently there has been great interest to use them also in the field of pharmaceutics.
There are data about the applicability of sucrose esters as permeation enhancers through
the skin (Csoka et al., 2007), and our group demonstrated that sucrose esters can be
successfully used in hot melt technology (Sziits et al., 2007, 2008). We have recently
described an improved dissolution of gemfibrozil from a ternary solid dispersion system
containing laurate sucrose ester (Sziits et al., 2011). Due to their good solubilising
properties there is an interest to use sucrose esters as pharmaceutical excipients for nasal
drug delivery. However there are no data on their toxicity and effect on human nasal

epithelial cells.

1.4. Models for studying nasal drug delivery — In vitro and cell culture techniques
For successful formulation of a nasal delivery system, testing with reliably

established in vitro, cell culture, ex vivo tissue and in vivo animal models are crucial
(Fig. 3).



Vertical Franz diffusion cell model is a valid in vitro model for evaluating drug
penetration from pharmaceutical preparations (Siewert et al., 2003). Basically, donor and
acceptor compartments are separated by a membrane of artificial, animal or human origin.
The in vitro permeability experiments are performed through cellulose acetate synthetic
membranes. Lipophilic characteristics of the artificial membrane can be created by proper
impregnation (eg. with isopropyl myristate). Generally, these membranes are reported to be
more permeable than biological membranes.

Body

In vivo

Organs

Ex vivo

Cells
In vitro cell culture

Synthetic membranes
Franzcell, PAMPA
Isotropic lipophilic phases
Octanol-water partition

Fig. 3: Complexity pyramid of test systems used in pharmaceutical studies for prediction of drug
permeability. Cell cultures can be classified as systems with medium complexity.

There are several limitations of the ex vivo tissue and animal models, including
differences between the species in enzyme activities or in cell type distribution, and
specialities in many anatomical and physiological features in various animal nasal cavities,
compared with those of the human (Chien, 1992).

Several in vivo models of rat, rabbit, dog, sheep, and monkey were reported to
deliver pharmacons via the nasal route (Chien, 1992; Costantino et al., 2007; Horvat et al.,
2009). However, there are several disadvantages of the ex vivo tissue and in vivo animal
models, including differences between the species in enzyme activities or in cell type
distribution, and specialities in many anatomical and physiological features in various

animal nasal cavities, compared with those of the human (Chien, 1992).

1.5. Cell culture models of the nasal epithelium — RPMI 2650 nasal epithelial cell line
The criteria for transport experiments with any nasal epithelial cell culture model are

(i) the formation of confluent cell layers; (ii) the expression and correct localization of
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intercellular junctional proteins; (iii) the functional barrier properties measured by
transepithelial electric resistance and permeability coefficients for drug or marker
molecules.

In vitro cell culture models of the human nasal epithelium based on primary culture
technologies have proven to be useful for studies of nasal epithelial permeability and drug
absorption (Lin et al., 2005). However limiting factors hinder the widespread usage and
usefulness of primary nasal cell culture models. The shortage of human nasal tissue and the
low reproducibility have prompted to seek an alternative to primary cultures of nasal
epithelial cells, that is, the use of nasal epithelial cell lines. The use of an immortalized cell
line has the advantages of ease of culture, lower costs, genetic homogeneity and
reproducibility of the results.

The most relevant anatomical region in the nasal cavity concerning systemic nasal
drug delivery is the respiratory epithelium lining the middle and inferior turbinate (Schmidt
et al., 1998). RPMI 2650 is a human nasal epithelial cell line derived from a spontaneously
formed tumour. Although this cell line originates from an anaplastic nasal septum tumour,
its properties are closely related to normal human nasal epithelium concerning its
karyotype (Moorhead, 1965), its cytokeratin polypeptide pattern (Moll et al., 1983), and
the presence of mucoid material on the cell surface (Moore and Sandberg, 1964). This
particular cell line has been mostly used for nasal metabolism studies and toxicity assays
and less for permeability studies, since there are conflicting reports with regard to the
ability of these cells to form monolayer. Some experts claim that RPMI 2650 nasal
epithelial cells are able to form monolayers (Bai et al., 2008) while others described that
they grow in clumps rather than in monolayers (De Fraissinette et al., 1995). Poor
differentiation and lack of polarization have also been reported for this cell line (Werner et
al., 1996). Furthermore, there is inconclusive data on the ability of RPMI 2650 cells to
form tight junctions, though there is evidence that they can form perijunctional F-actin
rings (Werner et al., 1996). Due to these reasons RPMI 2650 human nasal epithelial cell
line is rarely used for nasal transport studies (Bai et al., 2008; Wengst and Reichl, 2009).



2. AIMS

For the development of relevant strategies to overcome biological barriers (eg. nasal
mucosa) and in order to screen the feasibility of drug nanoparticles, innovative excipients
and novel pharmaceutical compositions for nasal delivery targeting the systemic blood

circulation, in vitro permeability models are useful and relevant tools.

Preparation and characterization of nanoparticles @
Optimization of the preparation process 'y

Structural investigations (XRPD)
Solubility, extent of dissolution ' |

In vitro experiments i -H—H-'/

In vitro permeability (Franz cell diffusion model) % l/
arc - 4

‘Cell culture experiments on RPMI 2650 cells
Optimization of the in vitro nasal system

Cytotoxicity (MTT assay, LDH test, RT-CES)
Permeability studies

Animal experiments

Testthe therapeutic relevance qﬁk@' @

(Pharmacokinetics, tissue toxicity) A\C:‘E;}'

Fig. 4: The steps of a nasal investigational protocol to screen innovative formulations (hanoparticles) and
novel pharmaceutical excipients (permeation enhancers).

The aim of my scientific work was to establish an in vitro investigational protocol for
drugs intended to use in nasal delivery (Fig. 4). The application of cell-based assays as
well as conventional investigational methods of pharmaceutical technology is crucial for

understanding the toxicity and efficacy of an innovative pharmaceutical composition.

The main steps of our experiments were the following:

() preparation and characterisation of meloxicam nanoparticles by co-grinding
(i) optimization of the preparation process by factorial experiment design

(iii)  establishment of in vitro methods for studying permeability of drugs in nasal
formulations

(iv)  optimization of a culture model of the nasal system using RPMI 2650 cells

(V) screen of the toxicity and efficacy of drug nanoparticles and pharmaceutical
excipients by in vitro methods
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3. MATERIALS AND METHODS

3.1. Materials

All reagents were purchased from Sigma-Aldrich, Hungary, unless otherwise
indicated. Meloxicam (MEL), a BCS Il drug was obtained from EGIS Ltd. (Hungary;

Table 1).

Table 1 Properties of the active agent

Meloxicam

Chemical structure

/N\S
7N
(ONN®
Chemical name 4-hydroxy-2-methyl-N-(5-methyl-2-thiazolyl)-2H-benzothiazine-3-carboxamide-1,1-
dioxide
Molecular weight 351.4

Trade name Movalis®, Meloxep®

Physical properties

yellow powder, poorly water-soluble, crystalline, high melting point

Applications NSAID, selective COX-2 inhibitor

COX-2, cyclo-oxygenase-2; NSAID, non-steroidal anti-inflammatory drug.

The grinding additives, polyvinylpyrrolidone (PVP) K25 and C30 were purchased
from BASF (Germany). Polyethylene glycol (PEG) 6000 and 20 000 were from Sigma—
Aldrich Chemie GmbH, Germany (Table 2). Sodium hyaluronate (HA; Mw=1400 kDa)
was obtained as a gift from Gedeon Richter Ltd. (Hungary).

Table 2 Polymer additives of the co-grinding process

Polyvinylpyrrolidone (Ph. Eur.)

Polyethylene glycol (Ph. Eur.)

Chemical structure

(o
Nk

O _H
H O

n

Synonyms Povidone, Kollidon

Macrogol, Polyoxyethlene

white-to-yellow-white powder
soluble in water

absorb large quantities of water
amorphous
temperature-resistant

Physical properties

white waxy powder

soluble in water

hygroscopic

semi-crystalline

low glass forming temperature

binder, solubilising agent, crystallization
inhibitor, suspension stabilizer

Applications

binder, film coating, lubricant

Ph. Eur., European Pharmacopoea.
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Laurate sucrose ester was of pharmaceutical grade, and myristate sucrose ester of

analytical grade (Mitsubishi Kagaku Foods Co., Japan; Table 3).

Table 3 Structure and properties of sucrose esters

Sucrose fatty acid esters
R-COOCH,

Chemical structure

R-O
CH,O-R

H O-R

OR H

Chemical name laurate sucrose ester

myristate sucrose ester

permeation enhancer

Trade name Surfhope SE Pharma D-1216 (US DMF) | Ryoto sugar ester M-1695
Fatty acid lauric acid (C12H240,) myristic acid (C14H,50,)
N /A\//\v/\v/\v/\v;i\ '
OH /\/\/\/\/\/\)I\OH
Solubility soluble in water soluble in water
HLB 16 16
Applications non-ionic surface-active agent, emulsifier, antibacterial agent, crystallization inhibitor,

HLB, hydrophile—lipophile balance; US DMF, US drug master file.

Tween 80 and Cremophor RH40 (BASF, Germany) were of pharmaceutical grade

(Table 4).

Table 4 Structure and properties of reference surfactants

Polysorbate 80 (Ph. Eur.)

Macrogol-glycerolhydroxystearate 40
(Ph. Eur.)

Chemical structure

HO(CH,CH,0),, (OCH,CH,),0H
OCH,CH,),0H
b\[( ,CH; )y o
x+y+z=20 (OCHZCHQ)Z—O)J\

C17H33

\/\/\/\/\/\/\/\/\go oH
}W)\N\/

Chemical name polyethoxylated sorbitan and oleic acid

polyethoxylated 40 hydrogenated castor oil

Trade name Tween 80

Cremophor RH40

70%: oleic acid (C18H3402)

Composition
30%: linoleic, palmitic and stearic acid

90%: ricinoleic acid (C1gH3403)
10%: linoleic, oleic, palmitic and stearic acid

Physical properties | viscous water-soluble yellow liquid

white to yellowish thin paste at 20 °C

HLB 15

15

Applications non-ionic surfactant and emulsifier

HLB, hydrophile—lipophile balance; Ph. Eur., European Pharmacopoea.
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3.2. Methods
3.2.1. Preparation and characterization of meloxicam nanoparticles
3.2.1.1. Preparation of co-ground formulations and their physical mixtures

Binary mixtures of MEL powder and the carriers PVP—C30, PVP-K25, PEG 6000
and PEG 20 000 were mixed and charged into the chamber of the planetary monomill
(Fritsch Pulverisette 6, Fritsch GmbH, Germany) in various drug—carrier ratios. The
grinding was performed in an 80 cm® silicon nitride (SisN4) milling drum containing 25
silicon nitride balls. In each experiment, 1.0 g of MEL was ground together with the
calculated amount of polymer additive.

The milling parameters are given in Table 5 and the investigated parameters are

listed in Table 6. After grinding, the samples were stored in plastic vials until use.

Table 5 General parameters of co-grinding, independent variables

Material of the grinding pot SizN,

Material of the grinding balls SisNy

Number of the grinding balls 25

Volume of the grinding pot 80 mL

Diameter of the grinding balls | 10 mm

Duration of the grinding 2h

The physical mixtures of drug—carrier were prepared by accurately weighing the
calculated amounts of MEL and carrier, mixing them well in a porcelain mortar and storing

in plastic vials until use.

3.2.1.2. Design of experiments

In a series of pre-screening experiments the following parameters were fixed: (i) the
milling drum size and material, (ii) the ball size and number, and (iii) the milling duration.
The remaining variables were the parameters featuring in the optimization (Table 6). A full
factorial design plan was created and carried out with the MEL particle size distribution
defined as response factor. All calculations were performed by using Minitab 14 (Minitab
Statistical Software, PA, USA).

Table 6 Compositions of different samples, parameters of optimization

Meloxicam/excipient ratio 1:0.5,1:1, 1:2
Excipients PVP-C30, PVP-K25, PEG 6000, PEG 20 000

Revolutions per minute (rpm) | 200, 300, 400

13



3.2.1.3. Determination of particle size by electron microscopic image analysis

Co-ground products were washed and centrifuged three times in distilled water to
separate the water-soluble excipient from the water-insoluble MEL (the aqueous solubility
of MEL is 4.4+0.7 ng/mL (Ambrus et al., 2009)), so that individual MEL particles could
be studied. The particle size and the surface morphology of the MEL particles were
visualised by scanning electron microscopy (SEM). Samples were fixed onto a metallic
stub with double-sided conductive tape (diameter 12 mm, Oxford Instruments, UK).
Images were taken in secondary electron image mode on a Hitachi S-4700 Type Il
instrument (Japan) at an acceleration voltage of 10 kV.

MEL particle diameter distributions were obtained by analysing SEM images with
the ImageJ software environment (Abramoff et al., 2004). Over 150 individual particle
measurements were made in at least five different images in order to determine the particle
size accurately. Although less frequently used than TEM or dynamic light scattering, SEM
image analysis is an established method for nanoparticle size analysis: for instance, it was
applied successfully for the characterization of carbon nanotube networks (Smajda et al.,
2007), Zn—glycerolate microstacks (Remias et al., 2009) and co-grinding products of PVP
and CaCOj; (Zapata-Massot et al., 2004).

3.2.1.4. Investigations of the optimized products

The physical state of MEL in the different samples was evaluated by X-ray powder
diffraction (XRPD) analysis. Diffraction patterns were analysed with a Miniflex 11 X-ray
diffractometer (Rigaku Co., Japan), where the tube anode was Cu with K,=1.5405 A. The
pattern was collected with a tube voltage of 30 kV and a tube current of 15 mA in in-step
scan mode (4°/min). The instrument was calibrated by using Si.

The solubility of MEL was determined at physiological conditions (pH 7.4, 37 °C)
by addition of an excess of the drug to the solvent, after which the mixture was stirred on a
magnetic stirrer for 8 h, then filtered (Minisart SRP 25, Sartorius, Germany), and the
content of dissolved drug was analysed spectrophotometrically at 362 nm (Unicam UV/vis
spectrophotometer, Germany). The extent of dissolution of MEL was studied in 50 mL
phosphate buffer (PBS) at physiological conditions with Pharmatest equipment (Germany)

at a paddle speed of 100 rpm. The dissolution experiments were conducted in triplicate.
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3.2.2. Franz cell diffusion — In vitro permeability studies

In vitro permeability studies were performed with a vertical Franz—diffusion cell system
(Microette Topical and Transdermal Diffusion Cell System, Hanson Research, USA)
containing six cells (Makai et al., 2003; Csoka et al., 2005) at physiological conditions
(Fig. 5). The donor phase contained MEL at 1 mg/mL and sodium hyaluronate at 5 mg/mL
concentration, which were placed on the synthetic membrane impregnated with isopropyl
myristate. The effective diffusion surface was 1.8 cm?. PBS was used as an acceptor phase.
The rotation of the stir-bar was set to 100 rpm. Experiments were performed at 37 °C
(0.5 °C) water bath. At predefined time points, samples of 0.8 mL were taken from the
acceptor phase by the autosampler (Microette Autosampling System, Hanson Research,
USA) and were replaced with fresh receiving medium. Six Franz cells for each group were

set.

37 °C=p 3

Fig. 5: Schematic drawing of the Franz cell. The donor compartment (1) above the artificial membrane (AM)
contains meloxicam. The compartment below is the acceptor phase (2), from which samples are taken
through the sampling port (3), and fresh medium is added to the acceptor phase by the replacing port (4).
The acceptor compartment is surrounded by a water jacket kept at 37 °C. At the bottom of the acceptor
phase, a stir-bar (5) and a helix mixer (6) are rotated magnetically (Resch et al., 2010).

3.2.3. Cell culture

RPMI 2650 (ATCC cat.no. CCL 30) cells were grown in Eagle’s minimal essential
medium (MEM) supplemented with 10% foetal bovine serum (FBS) and 50 ug/mL
gentamicin in a humidified 37 °C incubator with 5% CO,. The cells were seeded on rat tail
collagen (0.05 v/v%) coated culture dishes at a density of 5x10° cells/cm? 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—EDTA solution. For the
cell viability assays cells were passaged to 96-well plates, for immunohistochemistry and
nucleus staining cells were cultured on glass coverslips. For permeability studies cells were
cultured on Transwell filter inserts (polycarbonate membrane, 0.4 pm pore size, 1.1 cm?

surface area, Corning Costar Co., MA, USA; Fig. 6). All surfaces were coated with
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0.05v/v% rat tail collagen before cell seeding. Cell growth and morphology were

monitored using a Nikon Eclipse TE2000 microscope (Nikon, Japan).

RPMI 2650 epithelial cells

Boope

Transwell filters

Fig. 6: Human RPMI 2650 cells were cultured on Transwell filter inserts for permeability experiments.

The culture model was optimised by testing the 24-h effect of retinoic acid (RA) in
three different concentrations: 0.01, 100, 300 pg/mL. Hydrocortisone (HC) was examined
at 500 nM; 8-(4-chlorophenylthio) adenosine 3',5'-cyclic monophosphate sodium salt
(CPT-cAMP) at 250 uM in the presence of 17.5 uM 4-(3-butoxy-4-methoxybenzyl)-2-
imidazolidinone (RO20-1724, Calbiochem, Germany), a phosphodiesterase inhibitor.

3.2.3.1. Electron microscopy

RPMI 2650 cells grown on Transwell filter membrane were fixed with 3%
paraformaldehyde in 0.05 M cacodylate buffer (pH 7.5) for 30 min at 4 °C. After washing
with cacodylate buffer several times, the membranes of the culture inserts with the cells
were removed from their support and placed into 24-well chamber slide and were postfixed
in 1% OsO,4 for 30 min. Finally the membranes of the culture inserts with the cells were
removed from their support and embedded in Taab 812 (Taab, UK). Following
polymerisation at 60 °C for 12 h, ultrathin sections were cut perpendicularly for the
membrane using a Leica UCT ultramicrotome (Leica Microsystems, UK) and examined
using a Hitachi 7100 transmission electron microscope (Hitachi Ltd., Japan). Electron
micrographs were made by Megaview Il (lower resolution, Soft Imaging System,
Germany). Brightness and contrast were adjusted if necessary using Adobe Photoshop CS3
(CA, USA).

3.2.3.2. Immunohistochemistry
To stain for junctional proteins RPMI 2650 cells cultured on rat tail collagen coated glass

coverslips were washed in PBS and fixed with 4% paraformaldehyde—PBS for 30 min.
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After washing with PBS cells were blocked with 3% bovine serum albumin in PBS and
incubated with primary antibodies anti-p—catenin and anti-ZO-1 (both from Invitrogen,
CA, USA) for 1 h and 30 min. Incubation with secondary antibody Cy3-labeled anti-rabbit
IgG and Hoechst dye 33342 to stain cell nuclei lasted for 1 h. Between and after
incubations cells were washed three times with PBS. Coverslips were mounted in Gel
Mount (Biomeda, USA) and staining was examined by Olympus Fluoview FV1000

confocal laser scanning microscope.

3.2.3.3. Cytotoxicity assays — Real-time cell microelectronic sensing, LDH release test,
MTT dye conversion assay and fluorescent staining of cell nuclei

Real-time cell electronic sensing (RT-CES) is a label-free technique for dynamic
monitoring of living cells (Xing et al., 2005; Xia et al., 2008; Fig. 7A). The xCELLigence
system (Roche, Switzerland) utilises an electronic readout called impedance to non-
invasively quantify adherens cell proliferation and viability. A special 96-well E—plate
(Roche, Hungary) contains microelectronic sensor arrays. The interaction between cells
and electrode generates impedance response that correlates linearly with cell index
reflecting cell number, adherence and cell growth (Ozsvari et al., 2010). The E—plate was
coated with 0.2% gelatine—PBS solution for 20 min at 37 °C. Culture medium (80 uL) was
added to each well for background readings than 80 pL cell suspension was dispensed at
the density of 6x10° cells/well. The cells were kept in an incubator at 37 °C for 24 h and
monitored every 5 min. The cell index at each time point was defined as (R—Ry)/15, where
R, is the cell-electrode impedance of the well when it contains cells and Ry is the
background impedance of the well with the culture medium alone.

Lactate dehydrogenase (LDH) release, the indicator of cell membrane damage, was
determined from culture supernatants by a commercially available kit (Cytotoxicity
detection kit LDH, Roche, Switzerland; Fig. 7B). For LDH release assay RPMI 2650 cells
were cultured in 96-well plates. After treatments 50 puLL samples from culture supernatants
were incubated with equal amounts of reaction mixture for 15 min. The enzyme reaction
was stopped by 0.1 M HCI. Absorbance was measured at a wavelength of 450 nm with a
microplate reader (Fluostar Optima, BMG Labtechnologies, Germany). Toxicity was
calculated as percentage of the total LDH release from cells treated by 10 mg/mL
Triton X-100 detergent.

Living cells convert the vyellow dye 3-(4,5-dimethyltiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) to purple, insoluble formazan crystals (Fig. 7C).
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RPMI 2650 cells were cultured in 96-well plates. After treatments the cells were incubated
with 0.5 mg/mL MTT solution for 3 h in CO, incubator. The amount of formazan crystals
was dissolved in dimethyl sulfoxide and determined by measuring absorbance at 570 nm
with a microplate reader (Fluostar Optima, BMG Labtechnologies, Germany).

real-time cellular analysis

A cels

' ™
Gold electrode l
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CO, incubator Electronic sensor analyzer
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lactate dehydrogenase release MTT dye conversion
cell death measurement cell viability measurement

Fig. 7: Cytotoxicity assays. A: real-time cell microelectronic sensing (Xing et al., 2005); B: LDH release test
indicating cell membrane damage; C: MTT dye conversion assay showing the metabolical activity of living
cells.

Viability and nuclear morphology of RPMI 2650 cells were confirmed by double
fluorescent staining. Bis-benzimide (Hoechst dye 33342) labels the nuclei of both viable
and dead cells. Ethidium-homodimer-1 (Molecular Probes, USA) cannot pass through the
plasma membrane of viable cells, therefore only stains dead cells. Cell layers grown on
collagen-coated coverslips were treated with surfactants for 30 min, then 10 uM bis-
benzimide and ethidium-homodimer-1 was added for another 30 min. At the end of
incubation cells were fixed in 4% paraformaldehyde in PBS for 30 min, washed three
times in PBS, mounted, and analysed using a fluorescent microscope (Nikon Eclipse
TE2000, Japan) and photographed by a Spot RT digital camera (Diagnostic Instruments,
USA).
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3.2.3.4. Nasal epithelial permeability studies

The flux of MEL and fluorescein isothiocyanate labeled dextran (FITC-dextran, mw:
4.4 kDa) across epithelial cell layers was determined in permeability assays (Fig. 8).
RPMI 2650 cells were seeded onto Transwell filter inserts and grown for 2 days. The
inserts were transferred to 12-well plates containing 1.5 mL Ringer—Hepes solution
(118 mM NaCl, 4.8 mM KCI, 2.5 mM CaCl, 1.2 mM MgSOQOy, 5.5 mM D-glucose, 20 mM
Hepes, pH 7.4) in the basolateral compartments. In the apical chambers the culture medium
was replaced by 500 uL. of formulations containing 1 mg/mL MEL prepared in Ringer—
Hepes. In experiments studying permeability enhancers culture medium was replaced by
500 pL Ringer—Hepes containing 100 pg/mL FITC-dextran and the selected concentrations
of permeability enhancers in the apical chambers. The plates were kept in a 37 °C
incubator with 5% CO, for 1 h on a rocking platform. After incubation the concentrations
of the drug and the marker molecule were determined from the basolateral compartments
spectrophotomertically in the case of MEL (Unicam UV/vis spectrophotometer, Germany)
and by a fluorescent microplate reader in the case of FITC-dextran (Fluostar Optima, BMG

Labtechnologies, Germany; emission: 485 nm, excitation: 520 nm).
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luminal or apical abluminal or basal/basolateral
Vi — lumal volume (500 pL) V, — abluminal volume (1500 puL)
[C]p — luminal concentration (known) [C]4—abluminal concentration (measured)

frequency of measurements
1 time-point: 60 min

Fig. 8: Measurement of permeability across RPMI 2650 nasal epithelial cell layers.

The apparent permeability coefficients (Payp) were calculated. by the following
equation (Youdim et al., 2003) and expressed as 10° cm/s:
A[C]A xV,

Poop (CTVS) = Ax[C], xAt
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Cleared volume was calculated from the concentration difference of the tracer in the
basolateral compartment (A[C]a) after 1 h incubation and in the apical compartments at 0 h
the start of the experiment ([C].), the volume of the basolateral compartment (Va; 1.5 mL)

and the surface area available for permeability (A; 1.1 cm?).

3.2.4. Statistical analysis

Co-grinding

Multivariate problems similar to the co-grinding process are often optimized by
using the change one separate factor at a time (COST) approach: all parameters but one are
fixed, and the response of the system is studied as a function of the changing variable.
Each variable is scanned in this way, and the combination of their optimum values is

accepted as the overall optimum.

Cell culture experiments

All data presented are means+SD. The values were compared using the analysis of
variance followed by Dunnett tests using GraphPad Prism 5.0 software (GraphPad
Software Inc., USA). Changes were considered statistically significant at p<0.05. All
independent experiments were repeated at least three times, the number of parallel samples
within assays varied between 4 and 12. Inter-assay precision was calculated for all types of

assays, and the coefficients of variation (CV%) were below 15%.
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4. RESULTS
4.1. Preparation and characterization of meloxicam nanoparticles
4.1.1. Co-grinding process of meloxicam and polymer excipients

The particle size of MEL was reduced by roughly one order of magnitude, regardless
of the additive used. This primary effect originated from the high—energy collisions taking
place in the planetary ball mill (Alkebro et al., 2002). Ball milling is a process with
complex mechanics, analysed in detail by Chattopadhyay et al. 2001. On the basis of their
model, it was possible to calculate the energetics of the co-grinding experiments
performed. The results in Table 7 indicate that the total energy transferred to the MEL—
excipient mixture via collisions in our system lies in the range 2.85-68.50 kJ g™.

Table 7 Milling energetics map of the experiments performed

Cumulative collision energy transferred (kJ g™
Meloxicam to additive weight ratio
Rotation speed (rpm) | Collision frequency (s) | No additive | 1:0.5 1:1 1.2
200 240 8.56 5.71 4.28 2.85
300 360 28.89 19.27 14.45 9.63
400 480 68.50 45.67 34.25 22.83

4.1.2. Scanning electron microscopy of meloxicam particles
A closer analysis of the SEM micrographs revealed that there were considerable
differences in particle size distribution as a function of the excipient type used (Fig. 9).

0 deenfie
Do 10,0k SE(U) .7

Fig. 9: Scanning electron microscopic images from meloxicam before griding, bar: 50 um (4), after co-
grinding with PVP—K25 in a ratio of 1:0.5 at 300 rpm, bar: 5 um (B), with PEG 20 000 in a ratio of 1:0.5 at
400 rpm, bar: 5 um (C), with PEG 6000 in a ratio of 1:0.5 at 400 rpm, bar: 5 um (D).
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4.1.3. Influence of different parameters on meloxicam particle size diameters

The size distribution function is characterized by the mean particle diameter and the
standard deviation of the diameter. The relationship of particle size with the grinding
variables is analysed quantitatively in the main effects plots (Fig. 10 and Fig. 11) and
interaction plots (Fig. 12 and Fig. 13).

The main effects plot shows the average response for each value of each variable,
combining the effects of the other variables as if all variables were independent. The main
effects plots for the MEL particle diameter indicate that the tested excipients can all
promote size reduction (Fig. 10).
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Fig. 10: Influence of different parameters (main effects plot, data means) on meloxicam particle diameter.
C30, PVP-C30; K25, PVP-K25; PEG20k, PEG 20 000; PEG6k, PEG 6000.

Increasing the relative amount of MEL in the system resulted in larger product
particles, whereas increasing the milling energy (grinding rate) reduced the particle size.
Since our goal was to grind MEL into uniformly small particles so that its administration

can be controlled, it was important to study the main effects plots characterizing the

broadness of the particle size distribution curve (Fig. 11).

It is evident from Fig. 11 that the excipients PVP-K25 and PEG 6000 provide
significantly broader and narrower MEL diameter distributions, respectively, than the other

two tested additives. Increase of the MEL to additive ratio resulted in a less uniform
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product. On the other hand, the distribution uniformity as a function of the milling energy
exhibited a minimum at 300 rpm.
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Fig. 11: Main effects plot (data means) for standard deviation% (SD%). C30, PVP-C30; K25, PVP-K25;
PEG20k, PEG 20 000; PEG6k, PEG 6000.

Interaction plots illustrate the effects between variables, which are not independent
by showing the means of the responses for each level of a factor for each level of a second
factor pairwise for all factors involved in the study. Therefore, the interaction plots
presented in Fig. 12 and Fig. 13 for the mean diameter and the SD%, respectively, can be

used to gain insight into the complex interactions between the grinding parameters.
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Fig. 12: Interaction plot (data means) for diameter. C30, PVP-C30; K25, PVP-K25; PEG20k, PEG 20 000;
PEG6k, PEG 6000.
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For example: (i) all additives but PVP—C30 result in a particle diameter increase at
higher milling rates; (ii) increasing the milling frequency can compensate the diameter
differences introduced by changing the MEL to additive ratio; (iii) the use of PEG 6000 as
additive results in particularly narrow size distributions, regardless of the choice of the

other two parameters.
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Fig. 13: Interaction plot (data means) for SD%. C30, PVP-C30; K25, PVP-K25; PEG20k, PEG 20 000;
PEG6k, PEG 6000.

To summarize the grinding behaviour of MEL in a high—energy ball mill with SisN4
as grinding material: in the absence of any grinding additives, the final product particles
are too large at low milling energy (dsem=364 nm at 200 rpm) and aggregate rapidly at
high energy (dsem=343 nm at 400 rpm). There is an optimum at 300 rpm. However, even
at this setting, the average product particle size is above dsem=270 nm. It is interesting to
note that, without additives, the relative broadness of the particle size distribution function
was independent of the milling energy (SD~61%).

With PVP-C30, it was possible to decrease the average MEL particle size below
250 nm and the average SD below 50%. This was a significant improvement relative to the
additive-free grinding result. The optimum co-grinding parameter set for PVP—-C30 was a
MEL to excipient ratio 1:1, and a rotation frequency of 400 rpm.

The optimized products selected for further studies are shown in Table 8 and Fig. 14.

Table 8 Optimized products of the co-grinding process

Grinding excipient

Drug to excipient ratio

Rotation speed (rpm)

dSEMﬂ:SD (nm)

PVP-C30

1:1

400

140.4469.2

PEG 6000

1:2

400

173.8£60.3
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Fig. 14: Scanning electron microscopic images from the optimized products: meloxicam after co-grinding
with PVP—C30 in a ratio of 1:1 at 400 rpm, bar: 2 um (4), meloxicam after co-grinding with PEG 6000 in a
ratio of 1:2 at 400 rpm, bar: 2 um (B).

4.1.4. X-ray powder diffraction analysis

The most promising products of the co-grinding process were further investigated by
XRPD analysis. The XRPD patterns of MEL, physical mixtures and products containing
MEL and excipients in the optimized ratio are presented on Fig. 15. The optimized
products (Table 8, Fig. 14) differ in their crystallinity, which can be observed in the
diffraction spectra. The presence of numerous distinct peaks in the XRPD spectrum
indicates that MEL is a crystalline material; its characteristic peaks appear at diffraction
angles 20 of 13.22, 15.06, 26.46 and 26.67°.
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Fig. 15: X-ray powder diffraction spectra of the optimized products (1, 2), the physical mixtures of the
components (4, 3) and meloxicam (5). MEL/PVP, meloxicam and polyvinylpyrrolidone C30 mass ratio 1:1;
MEL/PEG, meloxicam and polyethylene glycol 6000 mass ratio 1:2.
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The crystallinity of MEL was decreased in the co-grinding process with PVP-C30;
in the other optimized product, which contains PEG 6000 the crystallinity of MEL did not
change significantly comparing to the physical mixture. The crystalline MEL was altered
in the co-grinding process with the amorphous excipient, PVP—C30, leading to amorphous
nanoparticles. With PEG 6000 as excipient, the crystallinity of MEL was proved (Fig. 15),
i.e. MEL nanocrystals were prepared. Based on these data nanoMEL/PVP product was

selected for in vitro dissolution, permeability and cell culture studies.

4.1.5. Dissolution of meloxicam nanoparticles

Amorphous nanoMEL/PVP nanoparticles showed favourable dissolution properties
at physiological conditions. In one hand the solubility of MEL elevated up to about
1 mg/mL (Fig. 16A), on the other hand the extent of dissolution also increased, complete

dissolution of MEL was observed in 15 min (Fig. 16B).
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Fig. 16: A: Solubility of meloxicam (MEL) in case of the physical mixture (MEL/PVP) and the co-ground
product (nanoMEL/PVP) in phosphate buffer (pH 7.4, 37 °C). B: The extent of dissolution of MEL in case of
the physical mixture (MEL/PVP) and the co-ground product (hanoMEL/PVP) in phosphate buffer (pH 7.4,
37 °C). MEL/PVP, meloxicam and polyvinylpyrrolidone C30 mass ratio 1:1.

4.1.6. In vitro release of meloxicam from different pharmaceutical compositions

The cumulative amount of MEL that diffused through a synthetic membrane from
the different pharmaceutical compositions was measured against time (Fig. 17). The
diffusion from the composition containing MEL nanoparticles and sodium hyaluronate was
quicker, 25% of MEL was released from the formulation containing MEL in nanonized

form vs. 10% in case of the physical mixture in the first 2 h.
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Fig. 17: In vitro permeability of meloxicam through an artificial membrane in case of the physical mixture
(MEL/PVP) and the coground product (hanoMEL/PVP) in phosphate buffer (pH 7.4, 37 °C). MEL/PVP,
meloxicam and polyvinylpyrrolidone C30 mass ratio 1:1; HA, sodium hyaluronate (5 mg/mL).

4.2. Characterisation and optimization of the RPMI 2650 cell culture model

Confluent layers of RPMI 2650 human nasal epithelial cells were obtained on
collagen-coated surfaces (Fig. 18). RPMI 2650 cells achieved confluency within 2 days on
collagen coated polycarbonate membranes. The presence of intercellular junctions was
confirmed by electron and immunofluorescent microscopy. Besides morphological
characterisation, the functional properties of RPMI 2650 nasal epithelial layers, like
transepithelial electric resistance and paracellular permeability, were also investigated.
Intercellular adherens junctional protein B-catenin was detected on the border of
RPMI 2650 cells by immunofluorescent microscopy. Faint cytoplasmic staining was also

visible in agreement with the known signalling mechanism of this protein.
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Fig. 18: Confluent RPMI 2650 human nasal epithelial cell layers visualised by phase contrast microscopy

(A, bar 40 um; B, bar: 10 um) and by confocal fluorescent microscopy after immunostaining for f—catenin
(C, bar: 10 um).
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Fig. 19: Electron microscopic image of the ultrastructure of RPMI 2650 cell layers. Arrows show
intercellular junctions. N, nucleus; m, mitochondrion; ER, endoplasmatic reticulum; V, microvilli.
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RPMI 2650 cells grew in mono- or multilayers as in vivo as demonstrated by the
electron microscopic images (Fig. 19A). A cubic and polarized cell morphology, microvilli
and mucoid material on the apical surface could be observed. Healthy, intact cell
constituents, like mitochondria, endoplasmic reticulum and large cell nuclei with few
cytoplasm were visualised. Intercellular junctions are important in the paracellular barrier
function of the cell layers (Fig. 19B—C). These characteristics are typical for epithelial cells

in vivo as well. Tight intercellular junctions were visualised by electron microscopy.

Growth and differentiating factors: retinoic acid, hydrocortisone and cAMP were
tested to improve the RPMI 2650 in vitro model for pharmaceutical screening purposes.
The barrier function of the nasal epithelial cell layers was confirmed by morphological and

functional methods.

The immunostaining and localization of adherens and tight junctional proteins were
changed in human RPMI 2650 cells by treatments. Immunostaining for adherens junction
protein —catenin and tight junction related protein ZO-1 were more intense and better
localized to the cell periphery in RPMI 2650 cells treated with retinoic acid,
hydrocortisone or cAMP then in the control group (Fig. 20).

Control cAMP

RA HC

Fig. 20: Immunohistochemical staining of RPMI 2650 cells for junctional proteins f—catenin and zonaula
occludens-1 (Z0O-1) visualised by confocal fluorescent microscopy. Cells were treated with retinoic acid (RA,
300 ug/mlL), hydrocortisone (HC, 500 nM) or 3'-5'-cyclic adenosine monophosphate (CAMP, 250 uM) for
24 h; bar: 10 um.

B-catenin

70-1




Retinoic acid and hydrocortisone significantly decreased the paracellular
permeability for FITC-dextran 4.4 kDa and increased the transepithelial resistance of nasal
epithelial cell layers (Fig. 21). These parallel effects indicate strengthened barrier
formation in agreement with the morphological observations. While cAMP did not change
the epithelial paracellular permeability, interestingly, it significantly decreased the electric
resistance of RPMI 2650 cells (Fig. 21).
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Fig. 21: Barrier functions measured by transepithelial resistance (A) and permeability for FITC-labeled
dextran 4.4 kDa (B) of RPMI 2650 layers treated with retinoic acid (RA, 300 ug/mlL), hydrocortisone (HC,
500 nM) or 3'-5'-cyclic adenosine monophosphate (CAMP, 250 uM). P,p,, apparent permeability coefficient.

The flux of FITC-dextran 4.4 kDa from the apical to the basolateral compartments is
around 4.5% in the control group. Treatments with retinoic acid, hydrocortisone and cCAMP
resulted in 3.2, 2.5 and 4.7% flux of the marker molecule from the donor to the acceptor
compartment.

The transepithelial electric resistance values of the confluent cell layers in the
optimized model system were around 150-200 Q calculated from the RT-CES results. The
apparent permeability coefficient of RPMI 2650 cell layers for paracellular marker 4.4 kDa
FITC-dextran was 9.7x10° cm/s (Table 9).

Table 9 The optimised in vitro nasal system

RPMI 2650 human nasal epithelial cell line

surface treatment rat tail collagen coating
initial seeding density 5x10° cells/cm*
concentration of serum in the culture medium 10%

24-h treatments before permeability experiments | 300 pg/mL retinoic acid
500 nM hydrocortisone

TEER values calculated from RT-CES analysis 150-200 Q
Papp for FITC-dextran 4.4 kDa 9.7x10° cm/s

P.op, apparent permeability coefficient; TEER, transepithelial electric resistance.
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4.3. Permeability of meloxicam nanoparticles across the in vitro nasal barrier

To test the biological effects of the MEL nanoparticles human RPMI 2650 cells were
used. Impedance measured by RT-CES non-invasively quantifies adherens cell
proliferation, viability and cell layer integrity. The RT-CES results indicated no sign of
disruption of the integrity of the RPMI 2650 cell layers (Fig. 22A), which could be
observed in the toxicity control group (10 mg/mL TritonX-100 detergent).

Real-time cell microelectronic sensing Meloxicam epithelial permeability
1.5%10°51
== Control z
; -~ nanoMEL/PVP E 1.0x1054
3 |
= =)
< = —_—
5.0x10-
F
-== TX-100
r—T—Ramqasamenposqmaspany y
-120-60 0 60 120 180 240 300 360 420 480 0
Time (min) \\‘N \\."
] ]
& N
& &
\_\ N

A
S
g
<

Fig. 22: A: Real-time cell microelecronic sensing measurement of cell viability and integrity of human
RPMI 2650 nasal epithelial cells treated by vehicle and the co-ground product (hanoMEL/PVP). B:
Apparent permeability coefficients (Pap) of MEL in case of the physical mixture (MEL/PVP) and the co-
ground product (nanoMEL/PVP) measured across human RPMI 2650 nasal epithelial cell layers. MEL/PVP,
meloxicam and polyvinylpyrrolidone C30 mass ratio 1:1; HA, sodium hyaluronate (5 mg/mL); TX-100,
TritonX-100 (10 mg/mL).

The flux of MEL through the human RPMI 2650 cell layers was significantly slower
than in the case of the Franz cell diffusion model, reflecting the higher complexity of the
cell culture system. The permeability coefficient of MEL for the composition containing
MEL nanoparticles and sodium hyaluronate was significantly higher than in case of the

physical mixture (1.2x10° cm/s vs. 0.5x10™ cm/s; Fig. 22B).

4.4, Effects of sucrose esters on RPMI 2650 cell viability

The toxicity of surfactants on RPMI 2650 cells was tested by RT-CES method. Cell
index, reflecting cell viability, was not reduced significantly by laurate and myristate
sucrose esters at 0.1 mg/mL concentrations, but profound effect was found in
concentrations higher than 0.1 mg/mL after 1-h treatment (Fig. 23A). Tween 80 had no
influence on the cell index after 1-h treatment at 1 mg/mL, but decreased the cell index

below 50% at 10 mg/mL concentration (Fig. 23B). After 1-h treatment none of the studied
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concentrations of Cremophor RH40 (1, 10, 50 mg/mL) caused alterations in cell index,
indicating no cell damage. Our toxicity control, TritonX-100 caused 90% reduction in cell
index values. This drastic reduction indicates cellular death, in agreement with MTT and
LDH release data (Fig. 24).
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Fig. 23: Changes in cell index indicating viability of RPMI 2650 cells after 1-h treatment with sucrose esters
(A) and with reference surfactants (B). a: significantly different as compared to control group, p<0.05. Data
are presented as mean+SD, n=4. C, control; CR, Cremophor RH40; TW, Tween 80; L, laurate sucrose ester;
M, myristate sucrose ester; TX, TritonX-100.

The effect of surfactants on the plasma membrane integrity of RPMI 2650 cells were
determined by LDH release and on epithelial cell viability by MTT dye conversion assay
(Fig. 24). Laurate and myristate sucrose esters increased significantly the LDH release
from RPMI 2650 cells into the extracellular space in a dose-dependent way above
0.3 mg/mL concentration (Fig. 24A-B). A maximal LDH release indicating 100% toxicity
was observed for both sucrose esters at 1 mg/mL dose comparable to the effect of Triton
X-100. The reference surfactants Tween 80, Cremophor RH40 were non-toxic for
RPMI 2650 cells under 10 mg/mL concentration for 1 h treatment period. The 4-h MTT
dye conversion cell viability test, reflecting intracellular enzyme activities, and endo- and
exocytosis, proved to be more sensitive than the LDH release assay. Sucrose esters over
0.03 mg/mL concentration significantly reduced the viability of RPMI 2650 cells in a dose-
dependent way (Fig. 24C-D). In agreement with the findings measured by LDH release, a
complete loss of cell viability could be detected at sucrose ester doses higher than
1 mg/mL, comparable to the effect of the toxicity control. In these experiments reference

surfactants were toxic over 3 mg/mL concentration.
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Fig. 24: Toxicity of sucrose esters on RPMI 2650 cells after 1-h treatment measured by LDH release assay
(A, B) and after 4-h treatment measured by MTT reduction assay (C, D). a: significantly different as
compared to control group. All values presented are means+SD, n=8, p<0.05. LDH, lactate dehydrogenase;
MTT, 3-(4,5-dimethyltiazol-2-yl)-2,5-diphenyltetrazolium bromide; TX, TritonX-100.

Besides functional tests the toxicity of excipients was proved by morphological
methods as well. The double fluorescent staining of nasal epithelial cell nuclei was
performed after 1-h treatment of the cells with surfactants (Fig. 25). In agreement with the
results of other viability assays, the toxicity of 1 mg/mL sucrose esters and 5 mg/mL
Tween 80 was confirmed, while at lower concentrations no sign of cytotoxicity was
detected on RPMI 2650 cells (Fig. 25). Cremophor RH40 at both 1 and 5 mg/mL

concentrations had negligible effect on cell viability.
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L 0.1 mg/mL L1 mg/mL M 0.1 mg/mL M 1 mg/mL

TX 10 mg/mL TW 1 mg/mL TW 5 mg/mL CR 1 mg/mL CR 5 mg/mL

Fig. 25: Double fluorescent staining of nuclei of RPMI 2650 cells shows the cytotoxicity of excipients after 1-
h treatment. Blue colour indicates cell nuclei of living and dead cells, red colour indicates cell nuclei of dead
cells. C, control; CR, Cremophor RH40; L, laurate sucrose ester; M, myristate sucrose ester; TW, Tween 80;
TX, TritonX-100. Bar: 30 um.

Results from the toxicity assays on RPMI 2650 cells for all four excipients are
summarised in Table 10. The non-toxic concentrations of sucrose esters as compared to

Tween 80 and Cremophor RH40 were at least one order of magnitude higher.

Table 10 Comparison of cellular toxicity of surfactants measured by different methods

Surfactant RT-CES LDH release assay MTT reduction assay Nucleus
1n Zh 24h | 1h 4h staining”
1h
TDO TDO TDO TDO TD50 [ TD100 | TDO TD50 [ TD100 | TDO
mg/mL | mg/mL | mg/mL | mg/mL mg/mL mg/mL mg/mL mg/mL mg/mL mg/mL
Laurate SE 0.1 0.1 0.1 0.1 0.2 0.3 0.1 0.2 1.0 <10
Myristate SE | 0.1 0.1 <0.1 0.03 0.1 1.0 0.1 0.2 1.0 <10
TW 1.0 1.0 <1.0 10.0 >100.0 | >100.0 | 3.0 >1000 | >100.0 | <5.0
CR >50.0 | >50.0 | 1.0 10.0 >100.0 | >100.0 | 3.0 60.0 >1000 | >5.0

CR, Cremophor RH40, LDH, lactate dehydrogenase; MTT, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl
tetrazolium bromide; RT-CES, real-time cell electric sensing; SE, sucrose ester; TD 0, non-toxic dose; TD
50, dose causing 50% cellular toxicity; TD 100, dose causing 100% cellular toxicity; TW, Tween 80.
“Nucleus staining was done by fluorescent dyes bis-benzimide and ethidium-homodimer-1.

We could confirm with the cell electric sensing method, that the non-toxic dose of
laurate sucrose ester was still safe after 24-h treatment period, while the non-toxic dose of
Cremophor RH40 has drastically dropped to 1 mg/mL at 24 h as compared to previous

time-points.

4.5. Effects of sucrose esters on epithelial barrier integrity
Sucrose esters elicited dose-dependent TEER changes (Fig. 26A-B). At 0.1 mg/mL
concentrations both laurate and myristate sucrose esters led to a significant and transient

TEER decrease, while 0.3 mg/mL and higher concentrations caused an irreversible drop of
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TEER. Tween 80 at 10 mg/mL dose also resulted in a significant TEER decrease, while the
smaller concentration, similarly to 1 and 10 mg/mL concentration of Cremophor RH40 did

not cause changes as compared to control group.
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Fig. 26: Kinetics of the changes in transepithelial resistance of RPMI 2650 cells after treatment with
surfactants. Broken line at 0 minutes indicates the onset of treatment. Data are presented as mean, n=4. C,
control; TEER, transepithelial electric resistance.

By treating the confluent layers of RPMI 2650 epithelial cells with previously
determined safe, non-toxic concentrations of various surfactants, permeability experiments
with FITC-dextran, a hydrophilic paracellular marker with an average molecular weight of
4.4 kDa, the size of a peptide were performed. Laurate sucrose ester increased significantly
the permeability of RPMI 2650 cell layers in a concentration-dependent manner
(Fig. 27A). After 1-h treatment with 0.1 mg/mL laurate sucrose ester the permeability

coefficient of FITC-dextran was increased by 50%.
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Fig. 27: The effect of non-toxic doses (0.01, 0.03, 0.1 mg/mL) of laurate sucrose ester (A) and of excipients
applied in the same concentration of 0.1 mg/mL (B) on the apparent permeability coefficients of 4.4 kDa
FITC-dextran on confluent RPMI 2650 cell layers. a: significantly different as compared to control group,
p<0.05. Data are presented as mean+tSD, n=3. C, control; CR, Cremophor RH40; L; laurate surose ester;
M, myristate sucrose ester; TW, Tween 80; Py, apparent permeability coefficient.

Comparing the effects of sucrose esters and the reference surfactants on the

permeability for the marker molecule across epithelial cell layers, the same, non-toxic

concentration of 0.1 mg/mL was chosen for all compounds. All excipients increased

significantly the epithelial paracellular permeability; the largest increase was seen in case

of laurate sucrose ester, the P4, values were elevated from 9.7x10° cm/s to 1.4x10° cm/s
after 1-h treatment (Fig. 27B).
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DISCUSSION
5.1. Meloxicam nanoparticles — Novel alternatives in pain management

MEL, a non-steroidal anti-inflammatory drug (NSAID) with analgesic properties, is
an enolic acid oxicam derivative (Hanft et al., 2001; Fahmy, 2006). The aqueous solubility
of MEL is poor and the rate of dissolution is low (15% in 5 min). MEL has low molecular
mass and relatively well-permeable, its permeability coefficient on the Caco-2 cell model
is 17.6x10 ° cm/s. The poor dissolution property of the drug is a limiting factor for its
absorption rate and its onset of action. Its bioavailability is 89% after dissolution (Del
Tacca et al., 2002). The usual recommended oral dose is 7.5-15 mg/day; a dose as high as
30 mg/day may also be applied (Euller-Ziegler et al., 2001). A parenteral formulation of
MEL (15 mg/1.5 mL) has been developed for situations requiring rapid analgesia, such as
acute mechanical lower back pain, sciatica and acute flares of osteoarthritis (Davies and
Skjodt, 1999). The mean Cnax Vvalue was achieved within four to five hours after oral
administration of MEL, indicating elongated drug absorption. Due to the low quantity of a
single dose of MEL and the need for its rapid onset of action in the case of crisis treatment
nanotechnology can offer solutions to increase its solubility and enhance the dissolution
rate.

NSAIDs, including MEL, can cause serious gastrointestinal adverse events including
inflammation, bleeding, ulceration, and perforation of the stomach, small intestine, or large
intestine, which can be fatal (Hanft et al., 2001). Therefore nasal pathway of drug
administration is preferable to reduce gastrointestinal side-effects and to circumvent the
first-pass metabolism in the liver.

Multivariate problems such as MEL grinding are often optimized by using the COST
approach. Each variable of the grinding process is scanned in this way, and the
combination of their optimum values is accepted as the overall optimum. Unfortunately,
this method is slow, since the number of necessary experiments increases considerably
with the number of variables. Moreover, the COST approach can seldom find the true
overall optimum of a system since it assumes that the effects of all variables are
completely independent, whereas the response of a real system to change in any single
parameter often appears as the overall effect of several parameter alterations, i.e. real-life
multidimensional parameter spaces are seldom orthogonal. A good strategy for finding the
overall optimum of a multivariate problem is to fit the response surface on the basis of the
responses obtained from well-chosen parameter sets. Since the effect of any single variable

can usually be accounted for by a second-order polynomial, it is customary to test
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parameters at three different levels: a high, a medium and a low setting. Such designs,
called three-level full factorial designs, have been applied successfully in the past to
optimise the synthesis of carbon nanotubes (Kukovecz et al., 2005; Smajda et al., 2007),
the deposition of titanate nanowires on glass (Daranyi et al., 2008) and the wet
peroxidation of aqueous phenol solution (Melero et al., 2007). The simplest three-level full
factorial design is to pick three values for one independent variable (Xx;: rotation speed),
chart the three corresponding response (d: particle diameter) values in a standard two
dimensional Cartesian coordinate system and fit the d=f(x;) function by a parabola. In case
of two independent variables (x;: rotation speed and x,: MEL to excipient ratio) we need to
sample 3x3=9 points in the x1X, plane and chart the corresponding d values as elevation
above the x;x, plane in a three dimensional coordinate system.

PVP, an amorphous excipient which does not melt during the co-grinding process
helped to reduce particle size and to prevent the agglomeration, as a stabiliser agent in our
experiments. Our data are in accordance with the findings of other groups on PVP used in
other systems (Taylor and Zografi, 1997; Watanabe et al., 2003). On the contrary, PEG is a
semi-crystalline grinding additive with low melting point which could melt due to friction
work. As a consequence PEG was not as efficient as PVP in the size reduction of our
model drug MEL.

Ambrus et al. (2009) improved the dissolution rate of MEL with other methods, the
drug was formulated in a nanosuspension by applying an emulsion-diffusion method, high
pressure homogenisation or sonication. The formation of MEL nanosuspensions with a
particle size of 200-900 nm was observed, the extent of MEL dissolution reached 90% in
5 min. As a comparison in our experiments in the case of the optimised co-ground product
(nanoMEL/PVP) an uniform size distribution and smaller particle size of MEL was
obtained.

The increased solubility and the elevated extent of dissolution of nanoMEL/PVP can
be explained by (i) the reduction of the particle size, according to Ambrus el al. (2009),
(i) the increased specific surface area of the particles, according to the Noyes—Whitney
equation (Noyes and Whitney, 1897), (iii) the presence of hydrophilic polymers, according
to Leuner and Dressman (2000) and (iv) the loss of crystallinity of the active agent,
according to the paper of Jojart-Laczkovich and Szab6-Révész (2010). Amorphous drug
nanoparticles possess a higher saturation solubility compared to equally sized drug
nanocrystals in the crystalline state. Therefore, to reach the highest saturation solubility

increase, a combination of nanometer size and amorphous state is ideal.
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Information on toxicity is very important for pharmaceutical use of nanoparticles. In
vitro cell culture assays are useful tools to investigate the toxicity of nanonized drugs. In
comparison to animal models, cell viability assays allow for a simpler, faster and more
cost-efficient assessment of toxicity. Limitation of in vitro test systems is the lack of the
complexity of animal models or the human body. Nanoparticles can interfere with
conventional end-point colorimetric in vitro toxicity assays due to the following reasons,
(1) high adsorption capacity; (ii) optical properties; (iii) catalytic activity;
(iv) acidity/alkalinity; (v) dissolution (Kroll et al., 2009). Therefore novel technologies
such as marker-free, real-time assays greatly help to reveal the interaction of nanoparticles
with cells. Furthermore the continuous monitoring of the biological status of the cells can
be integrated in conventional medium or high-throughput plate formats (Ressler et al.,
2004; Ozsvari et al., 2010). Using a real-time assay we demonstrated for the first time that
the pharmaceutical composition containing nanoMEL/PVP and sodium hyaluronate is not
toxic for human nasal epithelial cells. By comparing the results of RT-CES on nasal
epithelial cells with other data from the epithelial toxicity of sucrose esters, the lack of
change in cell index indicates that MEL nanoparticles are not toxic and do not influence
the paracellular pathway through RPMI 2650 cell layers.

The in vitro permeability results on a synthetic membrane and the cell-based assays
suggest the potential usefulness of the pharmaceutical composition containing
nanoMEL/PVP for systemic nasal delivery. The higher permeability of MEL in the
formulation containing nanoparticles and sodium hyaluronate may be explained by the
increased solubility and the elevated extent of dissolution. Further experiments are planned
to study the bioavailability and pharmacokinetics of this innovative pharmaceutical

composition.

5.2. Cell culture model of nasal epithelial toxicity and permeability

Due to the importance of systemic nasal drug delivery there is a need for cell culture
models of the nasal barrier for testing various compounds and pharmaceutical
compositions (Dimova et al., 2005). The properties of such in vitro systems need to be
compared with in vivo circumstances.

The culture conditions and applicability of RPMI 2650 cells as an epithelial model
are contradictory in the literature. De Fraissinette et al. (1995) discussed the limits of the
use of this cell line as an in vitro nasal model for drug absorption. In their experiments

RPMI 2650 cells formed cell clusters on filters, although they also had tendency to spread
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in a cell layer. The cells never showed cell polarization, nor microvilli or tight junctions,
and were not able to form tight cell layers. In another study RPMI 2650 cells grew in
multilayers, typical for the nasal epithelium, but cell polarisation and differentiation could
not be detected (Schmidt et al., 1998). In contrast to the above mentioned studies, using
different culture conditions including air—liquid interface RPMI 2650 cells formed layers
suitable for permeability assays (Bai et al., 2008; Wengst and Reichl, 2010).

In our experiments RPMI 2650 cells grew as mono- or multilayers and reached
confluence in liquid-liquid interface culture condition. The presence of intercellular
junctions was confirmed by electron and immunofluorescent microscopy. Besides
morphological investigations, the functional properties of the nasal epithelial barrier such
as resistance and paracellular permeability were also proved. Our data are in agreement
with results from other in vitro and in vivo models (Schmidt et al., 1998).

Retinoids regulate the growth and differentiation of different cell types, especially
epithelial cells, mainly through interaction with nuclear retinoic acid and retinoid X
receptors (Bogos et al., 2008). Although retinoic acid is crucial in the development of
human airway epithelial cultures, its use as a medium supplementation is debated (Gray et
al., 1996; Yoon et al., 2000). According to our observations retinoic acid had a significant
effect on the barrier properties on RPMI 2650 cells, in agreement with literature data
(Yoon et al., 2000). Hydrocortisone also increased the cell index of human nasal epithelial
cells, in accordance with observations on the favourable effect of hydrocortisone on
epithelial cells described previously (Wu et al., 1986; Van Scott et al.,, 1988).
Hydrocortisone is a potent inducer of the formation of barrier properties in cultured
endothelial cells (Perriere et al., 2007; Nakagawa et al., 2009), and the increase in the cell
index of RPMI 2650 layers may be also related to the formation of a tighter barrier.

Advantages of the presented in vitro nasal system include simplicity of culture,
reproducibility, suitability for permeability studies and RT-CES. RPMI 2650 cells model
the respiratory zone of the human nasal epithelium which is the most important absorption
surface for nasally administered drugs to the systemic circulation. The absence of cilia and
air-liquid interface can be considered as limitations of this nasal model. The presented data
support that RPMI 2650 cells can be successfully used to establish an in vitro model of the
nasal barrier and to test toxicity and epithelial permeability.

The nasal pathway can be exploited for systemic peptide delivery due to the
advantages of intranasal application (Kissel et al., 1998; Costantino et al., 2007). There are

marketed pharmaceutical products for nasal systemic peptide delivery such as calcitonin
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which is applied in the treatment of osteoporosis, and there is a growing interest for the
nasal delivery of biologically active peptides (Sipos et al., 2010). The results of the
permeability assays on RPMI 2650 cells could model the absorption of peptide-size

molecules and nanoparticles, and proves the usefulness of the model as a test system.

5.3. Permeability enhancers — Risks and benefits

Sucrose esters are widely used in the cosmetic and food industry. Due to their
advantageous properties as emulsifiers, solubilisers and permeation enhancers, the
potential of sucrose esters to be used as pharmaceutical excipients has been investigated
recently (Csoka et al., 2007; Sziits et al., 2007, 2008, 2011). The applicability of surface
active agents as permeability enhancers is limited by their toxicity (Deli, 2009), therefore it
is essential to determine their safe, non-toxic concentrations.

The toxicity of sucrose esters was tested for the first time in an in vitro model of the
nasal barrier. Four different independent methods were used to measure cell viability, a
label-free, real-time cell electric sensing technique, two colorimetric methods, LDH release
and MTT conversion tests, and finally a morphological method, cell nucleus staining.
Colorimetric methods are advisable only for the preliminary phase of a cell death study
(Weyermann et al., 2005; Galluzzi et al., 2009; Fernandez Freire et al., 2009). These assays
suffer from several drawbacks, they are endpoint determinations, and higher concentrations
of surfactants may interfere with the detection method (Weyermann et al., 2005). In our
experiments the highest non-toxic concentrations of reference surfactants were determined
by LDH release assay. This result might be due either to the interference of the excipients
with the enzyme reaction or to their inability to affect cellular plasma membrane. The
MTT test was more sensitive, and lower concentrations of excipients were found non-
toxic. The increased sensitivity might be related not only to the longer assay time but also
to the higher complexity of the MTT reduction where several cellular processes are
involved (Liu et al., 1997). The nucleus staining method was suitable for the
morphological confirmation of the toxic concentrations of the excipients, but could not
provide Kinetic data and exact determination of the non-toxic or toxic doses.

Due to the limitations mentioned above we have used a technological approach that
provides kinetic measurement in cell-based assays (Ozsvari et al., 2010). The real-time cell
electric sensing technology monitors cell viability status in a simple homogeneous assay
format over a broad time frame, from minutes to several days. It is a non-invasive, highly

sensitive measurement and has a reduced interference with normal cell function (Solly et
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al., 2004; Boyd et al., 2008). This method was the most sensitive to determine the safe
concentrations of the excipients at different incubation times. It is noteworthy that the
difference between the non-toxic concentrations of sucrose esters and reference molecules
dropped drastically after 24-h treatment. The epithelial cell viability at non-toxic doses of
sucrose esters remained constant. In contrast the toxicity of Cremophor RH40 and
Tween 80 increased over time, which might indicate in vivo toxicity after longer treatment.

By applying various toxicity assays our results indicate that sucrose esters are more
toxic than reference surfactants, especially for shorter incubation times in cultured cells.
However, this difference significantly decreased when cells were examined with real-time
monitoring for 24 h. In oral preparations the cellular toxicity of excipients can be
diminished by dilution in the gastrointestinal fluids, in addition sucrose esters are
hydrolysed and absorbed as sucrose and individual fatty acids in the gastrointestinal tract
(Noker et al., 1997). In the nasal mucous membrane, considerable dilution cannot be
expected and the mucosa is more sensitive. The enzymatic degradation of sucrose esters is
unknown. Therefore, the safe concentrations of excipients determined by cellular assays
need to be taken into consideration at the formulation process of nasal vehicles.

Sucrose esters can be used as potential permeability enhancers. Real-time electric
sensing provided quantitative information about the biological status of RPMI 2650 human
nasal epithelial cells, including cell number, viability, and adherence indicating
paracellular permeability. Sucrose esters had a dose-dependent effect on epithelial
permeability in non-toxic concentration range. A transient effect on the resistance of
RPMI 2650 cell layers has been observed, which was unique for sucrose esters. Although
these novel excipients were not found to be more effective permeability enhancers than the
reference compounds, their effect on paracellular permeability of cultured human epithelial
cells have been demonstrated for the first time. The increase in paracellular permeability
elicited by the non-toxic concentrations of sucrose esters might be related to their effect on
intercellular junctions. No LDH release was detected at these concentrations indicating an
intact plasma membrane integrity. While in vitro cytotoxicity correlated with the
paracellular permeability on Caco-2 cells (Konsoula and Barile, 2005), in the present
experiments the tested excipients modified paracellular permeability at non-toxic
concentrations. To reveal the mechanism of action of sucrose esters further experiments

are necessary.
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5.4. Significance, pharmaceutical relevance

The results presented in the thesis provide information on the evaluation of an
investigational protocol to screen novel formulations like drug nanoparticles, innovative
excipient such as sucrose esters and new pharmaceutical compositions (Fig. 4). The
following practical conclusions can be drawn from the experimental data summarized in
the thesis:

() The critical parameters of the co-grinding process have been optimised as a

result of the factorial experiment design.

(i) NanoMEL/PVP drug nanoparticles have increased solubility and faster
dissolution rate in physiological conditions.

(iii) Human RPMI 2650 nasal epithelial cells were successfully used to screen
cytotoxicity and permeability of pharmaceutical compounds.

(iv) NanoMEL/PVP drug nanoparticles showed no toxicity but enhanced
permeability in nasal epithelial cells indicating safe and efficient
application in nasal formulations.

(V) Sucrose esters can alter paracellular permeability of nasal epithelial cells
without toxic effects.

Biopharmaceutical studies including bioavailability experiments are needed to test
nasal formulations. Before preclinical testing on animals, it is reasonable to screen drug
candidates with respect to their permeability through the nasal mucosa and epithelial
toxicity by using in vitro models. The presented in vitro nasal epithelial model could be
applicable to test the toxicity and permeability of pharmaceutical formulations and
excipients.

New formulations for systemic nasal drug delivery, like nanoparticles, need to be
tested for nasal cytotoxicity, toxicokinetics and epithelial permeability. Novel excipients of
nasal compositions also need to be investigated for epithelial toxicity and permeability on
in vitro nasal models, similarly to the application of the widely used Caco-2 model for
testing oral formulations.

The relevance of the presented nasal investigational protocol needs to be confirmed
in preclinical tests in the future. Our findings may contribute to the development of new
pharmaceutical compositions and better screening systems for nasal drug delivery of

pharmacons.
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6. SUMMARY

Novel sites of drug administration for systemic delivery and novel formulations offer
numerous opportunities to develop innovative pharmaceutical compositions. The nasal
pathway represents an alternative route for non-invasive systemic administration of drugs,
although the nasal epithelium forms a restricting barrier. Nanonization of drugs is a great
possibility to increase solubility and to augment permeability through mucosal barriers.
Pharmaceutical excipients may help to increase the solubility of active agents and enhance
the permeability of molecules with larger molecular mass like peptides via the modulation
of the paracellular pathway.

An in vitro investigational protocol have been established to produce, characterize
and screen innovative pharmaceutical solutions, namely meloxicam drug nanoparticles and
sucrose esters, novel biodegradable non-ionic surface active excipients to enhance nasal
drug delivery. Both conventional investigational methods of pharmaceutical technology
and cell-based assays have been used.

Using meloxicam as a model drug and polyvinylpyrrolidone as an excipient
nanoparticles have been successfully produced by a co-grinding process optimized in a
factorial experimental design. The physicochemical properties of these amorphous drug
nanoparticles were favourable as compared to physical mixture. Increased solubility,
enhanced extent of dissolution and in vitro permeability were found which are crucial
parameters for nasal delivery. A human nasal epithelial cell culture model was established,
characterized and optimized by morphological and functional methods. This model based
on RPMI 2650 cells was applied for toxicity and permeability measurements. Nanonization
resulted in enhanced permeability for meloxicam across epithelial cell layers without
cellular toxicity and damage to barrier integrity. Sucrose esters at low doses altered
paracellular permeability for a peptide-sized marker molecule of nasal epithelial cells
without toxic effects.

The presented nasal investigational protocol may contribute to the development of
new pharmaceutical compositions and better screening systems for nasal delivery of

pharmacons.
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TOVABBKEPZO KOZLEMENYEK

Gyogyszerészet 53. 67-73. 2009.

Intranazalis gyogyszerbevitel djabb lehetdségei szisztémas
hatas elérése céljabol

Kiirti Levente!, dr. Deli Mdaria?, Szabéné dr. Révész Piroska’

1. Bevezetés

Biofarmaciai szempontbdl elsédleges gyogyszer alkal-
mazasi modnak tekinthetd a folyamatos intravénas in-
fuzi6 meghatarozott program szerinti adagolasa. Eb-
ben az esetben nem kell esetleges gasztrointesztinalis
inkompatibilitassal, a ma;j first-pass metabolizmusaval
szamolni, és nyujtott, konstans vérszint érhetd el a te-
rapias tartomanyban. Ez a biofarmaciai szempontbol
idealis gyogyszeralkalmazasi mod azonban szamos
hatrannyal, potencialis rizikotényezokkel, koltséges
eléallitassal és egyes betegek rossz compliance-ével
jar, ezért sziikséges alternativ beviteli kapukat keresni.
A transzdermalis alkalmazasi uttal (pl. tapasz) lipofil
farmakonok tartés, egyenletes vérszintje biztosithato,
de gyors hataskifejtésre nem szamithatunk, és a bor
permeabilitdsa hidrofil ill. nagyobb molekulatomegi
farmakonok szamara korlatozott. Intranazalis alkalma-
zas esetén szintén szamolhatunk szisztémas tdmadas-
pontu farmakonokkal, viszont az orrnyalkahartya per-
meabilitasi tulajdonsagai elonyosebbek [1].
Hatdanyagok nazalis uton vald bejuttatasa a sziszté-
mas keringésbe ezért kap egyre nagyobb figyelmet. Az
orrnyalkahartya szamos elényds tulajdonsaggal rendel-
kezik: nagy felszivodasi feliiletet biztosit a gyogyszer-
abszorpciohoz, gyors hatds érhetd el, alternativ ut le-

1. abra: Anatomiai dabra az orriiregrél, a sarga szin a
nervus olfactorius-t jelzi (forras: Wikipedia)

Napjainkban a figyelem az orrnyadlkahartydara, mint
alternativ beviteli kapura terelodik a gyorsabb és
nagyobb mértékii gyogyszerabszorpcio vonatkozdsa-
ban. Mar dsidok ota ismert az orrnydlkahartya nagy
permeabilitasa és gyogyszerbeviteli utként valo al-
kalmazhatosaga, viszont csak az elmult harom évti-
zedben kezdték valoban kihasznalni az orrnyadlka-
hartyat terdpids lehetoségkent. Az intravénds alkal-
mazas alternativaja lehet az intranazalis gyogyszer-
bevitel a szisztémas keringésbe. A nazdlis szisztémds
bevitelt a nagy felszivoddasi feliilet, a porusokat tar-
talmazo endotél membran, a gazdag vérellatottsag,
a mdj first-pass metabolizmusanak elkeriilése és a
konnyii alkalmazhatosag egyarant kedvelt alkalma-
zasi modda teszik. Az utobbi években széles korben
vizsgaltak intranazalisan alkalmazott szisztémas ta-
madasponttal rendelkezé hatoanyagokat. Tovabbi
kutatasok sziikségesek azonban olyan uj nazalis te-
rapias rendszerek kialakitasara, melyekkel a gyogy-
szerfelszivodas novelhetd lenne az orrnydlkahartya
normdal funkciojanak karositasa nélkiil.

hetséges a vér-agy gat megkertilésével a kdzponti ideg-
rendszerbe €s nem szenvednek first-pass metaboliz-
must a hatéanyagok a majban (I tdbldzar). Rendkiviil
sokféle hatdanyagot lehet bejuttatni nazalis {iton a
szisztémas keringésbe, még relativ nagy molekulakat
is, mint példaul peptideket és proteineket, kiilondsen
penetraciot fokozo segédanyagok jelenlétében [2].

2. Terapias megfontolasok

A nazalis készitményekrdl eldszor majdnem mindenki-
nek a lokdlis hatassal rendelkez6 orrcseppek, orrkend-
csok jutnak eszébe. A megfazas esetén alkalmazott de-
kongesztansok és az allergias tiinetek enyhitésére szol-
galo H,-antihisztaminok helyileg hatnak, jelentds fel-
szivodassal nem kell szamolni.

Az orrnyalkahartya felépitése azonban a vakcindcio
nazalis lehetdségeét is magaban rejti, kiilondsen a léguti
infekciokkal szembeni védettség kialakitasaban lehet-
nek hatdsosak. Megfeleld antigén prezentalasa az orr-
hoz kapcsoloédd limfoid szovethez humoralis és cellu-
laris immunvalaszt is kivalthat. A vakcinacié nazalis
formajanak eredményessége abban rejlik, hogy nem-
csak szisztémas immunvalaszt eredményeznek, hanem
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L tablazat
A nazalis gyogyszerbevitel elonyei és hatranyai
Elényok

nem invaziv modszer
nem sziikséges steril készitményt el6allitani
nem jar fajdalommal
konnyi és egyszert alkalmazas
a beteg dnmaganak is be tudja adni
gyors felszivodas, gyors hatas
nincs first-pass metabolizmus
nagy permeabilitas sok hatdanyag esetén
gasztrointesztinalis mellékhatasok elkeriilése, mérséklése
nem szenvednek a farmakonok bomlast

a gyomorban
kisebb a gyogyszer-tiladagolas veszélye
nyelési nehézségben szenvedd betegek esetén

is alkalmazhato
hanyinger, hanyas esetén is hatékony
jobb compliance
direkt ut a kdzponti idegrendszerbe

Hatranyok

orrnyélkahdrtya érzékenysége
irritacio
25-200 pl kozotti térfogata lehet az egyszeri adag
rovid tartdzkodasi id6 az orrnyalkahartyan
mucociliaris clearance altali gyors eliminacid
enzimatikus barrier
patoldgias allapotok (pl. rhinitis) megvéltoztatjak

a felszivodast

lokalisan az orrnyalkahartyan is immunvalaszt hoznak
1étre, ezaltal sokkal nagyobb mértékii védettség érhetd
el [3]. Az intranazalis immunizaci6 esetén tehat helyi
és szisztémdas immunitas egyarant megjelenik. Tovab-

bi elénye, hogy nem sziikséges steril készitményt el6-
allitani, ami a gyartasi koltségeket jelentdsen csokken-
ti, ez az anyagi tényez0 kiilondsen nagy jelentdségii a
fejlédo orszagokban.

Az orriireg és agyszovet kozétti transzport kozis-
mert, hiszen a kokacserje (Erythroxylon coca) levelei-
bol nyert kokain pszichostimulans kéabitdszer egyik be-
viteli mddja a szer orriiregbe torténd felszippantasa. A
kokain kozvetlen bejutasat a kozponti idegrendszer
specifikus teriileteire kiilonféle allatkisérletekkel bizo-
nyitottak. Nazalis bevitel esetén a kezdeti koncentraci-
ok az agyban magasabbak voltak, mint intravénds be-
vitel esetén. Sok mas gyogyszernél is hasonld eredmé-
nyeket figyeltek meg [7, 12]. Ezek kiilondsen olyan
polaris hatéanyagok esetén birnak hatalmas jelentdség-
gel, amelyek nem jutnanak at a vér-agy gaton. A leg-
tobb eddig vizsgalt anyag agyszovetbe jutott mennyi-
sége intranazalis bevitelekor a beadott dozis 1-10%-at
tette ki. Ez a korlatozott mértéki, de kozvetlen transz-
port az orrnydlkahartyan keresztiil a kozponti ideg-
rendszerbe a vér-agy gat megkeriilésével lehetséges,
amit a szagloham egyediilallo anatomiai és élettani tu-
lajdonsagai tesznek lehetévé. Az itt elhelyezkedd neu-
ronok sejttestjei az epitéliumban helyezkednek el,
dendrites idegsejt-nytilvanyaik pedig kozvetleniil
érintkeznek a kornyezettel, mig axonjaik atkapcsolo-
das nélkiil a kozponti idegrendszerbe futnak. A szerve-
zetben egyedill itt talalhatd primer érzékham. A neu-
ronok axonjai a rostacsont szitaszerli szerkezetén at-
hatolva a szaglégumdban végzddnek, mely mar a koz-
ponti idegrendszer részét képezi.

Intranazalis alkalmazas

_—

Kézvetlen transzport

Transzport a vér-agy gaton keresztiil

™~

Centralis hatasa farmakonok

= - —

orriireg

T e

]

Transzepitelialis abszorpcid

= —————— -

I vérkeringés

Lokalis hatasu készitmények

Szisztémas hatasu farmakonok

2. abra: A nazalis gyogyszerbevitel terapids tamaddspontjai
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1I. tablazat

Forgalomban és kutatdsi fazisban lévd szisztémds hatdssal rendelkezd
nazalis készitmények hatoanyagai, indikdcioi és gyogyszernevei

Farmakon

Indikacio

Forgalomban 1évé készitmények

Morfin, butofanol-tartarat

fajdalomcsillapitas

Stadol Nasal Spray (Bristol)

Midazolam

gyermekkori status epilepticus

Szumatriptan, zolmitriptan, ergotamin

migrén €s cluster tipusu fejfajas

Imigran orrspray

(GlaxoSmithKline)
Galantamin Alzheimer-kor -
Apomorfin erektilis diszfunkci6, Parkinson-kor -
Interferon f3, , sclerosis multiplex -
Kalcitonin osteoporosis Calcitonin-ratiopharm
oldatos orrspray
(Ratiopharm);
Biostin orrspray (TEVA);
Calco oldatos orrspray
(Medico Uno Pharma);
Miacalcic orrspray (Novartis)
Osztradiol menopausa, 0steoporosis prevencio Calidiol orrspray (Servier)

Dezmopresszin-acetat

haemophilia A és von Willebrand betegség;
centralis diabetes insipidus;
enuresis nocturna

Octostim orrspray (Ferring);
Minirin orrspray (Ferring);
Nocutil oldatos orrspray

(Gebro Pharma)
Oxitocin laktaci6 fokozasa Syntocinon Nasal Spray
(Sandoz)
Metoklopramid, hanyinger, hanyas -

szkopolamin, ondanszetron

Propranolol

angina pectoris

Buszerelin, goszerelin

hormon-dependens prosztatakarcinoma

Suprefact orrspray
(Sanofi-Aventis)

Nafarelin-acetat centralis pubertas praecox, Synarel Nasal Solution
endometriosis (Roche)
Cianokobalamin (B, ,-vitamin) B,,-vitamin defficiencia Nascobal
(Questor Pharmaceuticals)
Influenza-vakcinak influenza FluMist
(MedImmun Vaccines Inc.);
Influvac
(Solvay Pharmaceuticals)
Protirelin (TRH) diagnosztikum Relefact TRH

A 2. dabra alapjan lathatd, hogy a nazalisan beadott
hatéanyag egy része felszivodik a szisztémas keringés-
be és kifejti terapids hatésait, a vér-agy gaton keresztiil
elérheti a kozponti idegrendszert, vagy felhalmozddhat
a szervekben, szovetekben, de eliminalodhat is a szer-
vezetb6l. A hatdanyag egy masik hanyada a vér-agy
gatat megkeriilve a szagléhamon keresztiil kozvetleniil
jut az agyszovetbe.

Kijelenthetjiik, hogy a beteg-compliance ndveke-
déséhez nagymértékben hozzdjarul az egyszerli ada-
golas és a gyors hatés. A fentiek alapjan, tehat akut és
krénikus terapidban egyarant szerepet kaphat a naza-
lis gyogyszerbeviteli kapu. Siirgdsségi fajdalomesil-
lapitas nazalis analgetikumokkal azonnali hatast
eredményez, kronikus betegségek (pl. osteoporosis,
vérzékenység, centralis diabetes insipidus) esetén
hosszu, akar egész életen at tartd terapia sziikséges és
lehetséges nazalis alkalmazasra szant készitmények-
kel.

Nem véletlen tehat, hogy a szisztémas hatassal ren-
delkezd nazalisan alkalmazott gydgyszerek szama egy-
re novekszik. A II. tablazat mutatja be a forgalomban
¢és kutatasi fazisban 1évé nem lokalis hatasu nazalis ké-
szitményeket. Olyan betegségek esetén érdemes (lehet-
ne) ilyen készitményeket alkalmazni, amikor azonnali
gyors hatasra van sziikség (pl. siirgdsségi fajdalomcsil-
lapités), a betegség a bélmotilitast is érinti (pl. diabetes
mellitus, parkinsonismus), igy az enteralis felszivodas
valtozik, valamint amelyek esetén hosszantarté gyogy-
szeres terapia sziikséges és ezzel az egyszerli adagolasi
moddal novelhetd lenne a beteg-compliance.

A szisztémas keringésbe torténd abszorpcid nagy
jelentOséggel bir és a gyogyszertechnologusok szama-
ra sok 1j kihivast jelent. Uj sszetételek keresése és a
megfeleld nazalis gyogyszerformak fejlesztése szamos
ismert hatoanyagnak 1j indikacios teriiletet nyithatna
meg ¢és sok farmakon-jeldlt bejuttatasi problémait is
megoldhatna.
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formulacio
- farmakon fizikai-
kémiai sajatossagai
— formulécio fizikai-
kémiai tulajdonsagai

biolégiai tényezdk
— strukturalis sajatsagok
— biokémiai valtozasok
— fiziologiai faktorok
— patologiés allapotok
- kdrnyezeti tényezék
Nazalis
abszorpcio

szorpcidoban nem teljesen tiszta-
zott [2]. Prodrugok alkalmaza-
saval a komponensek stabilita-
sa, oldékonysaga és permedci-
0ja is fokozhato [6].

3.1.3. Fiziologiai faktorok

bejuttato
eszkozokkel Az orriiregek belso6 feliilete em-
kapcsolatos berben koriilbeliil 150 cm?, me-
tényezék lyet 4 mm vastag csillészOros

nyalkahartya borit, teljes térfo-
gatat tekintve 15 ml (1. dabra)
[4]. A szagloham (regio olfac-
toria) feliilete az orriiregek csu-
pan 10%-at teszi ki [7]. Mas

3. abra: Nazalis abszorpciot befolyasolo tényezdk osszefoglaldsa

epitél-barrierekhez képest nagy
permeabilitassal rendelkezd fe-

3. Intranazalis gyogyszerbevitelt befolydsolo
tényezdk

Szamos tényez6 képes befolyasolni a nazalisan beadott
hatéanyagok felszivodasat, amelyeket az alabbiakban
foglaltunk 6ssze (lasd még a 3. dbrqt).

Nazalis abszorpcid vonatkozasdban sem javasolt az
orriireg normal fizioldgiai viszonyainak megvaltozta-
tasa. Kiilonosen igaz ez az allitas kronikus alkalmazas-
ra szant készitmények esetén, mert a hosszantartd ada-
golds sordn mellékhatasként patoldgias elvaltozasok
johetnek létre az érzékeny orrnyalkahartyan.

3.1. Biologiai tényezok
3.1.1. Strukturalis sajatsagok

Az orriiregben talalhato strukturalis sajatossagok koziil
lényeges megemliteni, hogy 6t anatdmiai régiot (koz-
tilk a szaglo- és 1égzOhamot) killonitiink el, ezek tulaj-
donsagai kiilonboznek felszivodas szempontjabdl is

[6].
3.1.2. Biokémiai valtozasok

Az orrnyalkahartya védelmi mechanizmusat enzimati-
kus barrier is segiti. A nyalkahartya szdveteiben ¢és a
valadékban egyarant talalhatok metabolikus enzimek,
melyek elsdsorban a protein és peptid tipusi hatda-
nyagoknal jelentenek problémat. A nazalis metaboliz-
must a citokrém P-450-fliggd monooxigenaz rendszer
biztositja, proteaz- és peptidaz-aktivitas szintén megfi-
gyelhetd, enziminhibicidval megnovelhetd az abszorp-
ci6 mértéke. Kifelé iranyuld, un. efflux-transzport
rendszereket — mint példaul a P-glikoproteint — megfi-
gyeltek az orrnyalkahartyan is, szerepiik a nazalis ab-

lillet az orrnyalkahartya, amit a
gazdag vérellatottsaganak €s az idegi szabalyozasadnak
koszonhet. Az autondém €s a szomatikus rendszer egy-
arant behdlozza. Paraszimpatikus stimuldci az arteri-
nyez.

A nazdlis abszorpcié torténhet transzcellularis és
paracellularis Oton egyarant. Lipofil gyogyszerek
transzcellularis uton szivodnak fel passziv diffazioval
a koncentracio-gradienseknek megfelelden. A fentanil
esetén, annak lipofil tulajdonsagainak koszonhetden,
majdnem 80%-o0s biohasznosithatosagot figyeltek meg
nazalis alkalmazas esetén [8]. Az orriireg nagy feliile-
te és jo vérellatottsdga ellenére az orrnyalkahartya ala-
csony permeabilitassal rendelkezik polaris molekulak
szamara. Ennek az oka, hogy a polaris vagy hidrofil
molekuldk szamara az epitél sejtek kozotti ut all ren-
delkezésre, azonban a sejtek kozotti zarokapesolatok
ezt er6sen korlatozzak. A zardkapcsolatok dinamikus
struktarak, bizonyos mértékig megnyilhatnak, azonban
a méretiik miatt a paracellularis ut kevésbé hatékony
nagyobb molekuldk szdmara. Az 1000 Da-nal nagyobb
molekulatomegii anyagok nem jutnak at ezen a modon.
Kis molekulatémegli polaris molekulak megkdzelito-
leg 10%-o0s biohasznosithatosaggal rendelkeznek naza-
lis bevitel esetén, viszont peptidek (példaul kalcitonin,
inzulin) biohasznosithatésaga 1% alatti tartomanyba
esik. A nagyobb peptidek és a proteinek endocitotikus
transzportfolyamatokon keresztiil juthatnak at a nazalis
nyélkahartyan [9]. Harmadik lehetséges utja a nazalis
abszorpcionak az intracellularis axonalis transzport a
szaglohdm neuronjain keresztiil, elsdsorban a szaglo-
gumoba (bulbus olfactorius). Ez a transzport viszont
nagyon lassu, akar 6rakba is telhet, hogy a hatdéanyag
bejusson a kdzponti idegrendszerbe, mig a transzcellu-
laris és paracellularis transzport percek alatt a szove-
tekbe juttathatja a hatoanyagot [7].
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3.1.3.1. Nazalis szekrétum

A nyalkahartyaban 1év6 kehelysejtek és mirigyek nya-
kos szekrétumot termelnek. Az orrvaladék 2-3% mu-
cint és 1-2% szervetlen sét tartalmaz, valamint 95%-
ban vizbdl all [7]. Az orriiregben folyamatosan terme-
16d6 nyalka mennyisége megkozelitdleg napi 1,5-2 li-
ter, ami vékony, 5 um vastagsagu, alul szol, feliil gél
allapota rétegben boritja az epitél sejteket [10]. Ez a
nazalis nyélkahdrtyaréteg 15-20 percenként teljesen
megujul [11]. Ez a folyamat a mukociliaris clearance.
Az orrnyalkahartyan keresztiili permeabilitast befolya-
solja az orrszekrétum viszkozitdsa, az hogy a hatda-
nyag oldodik-e a szekrétumban, valamint az orriiregben
uralkodd pH viszonyok is. A nazalis szekrécio és clea-
rance ¢jszaka alacsonyabb aktivitast mutat, tehat cirka-
dian ritmus figyelheté meg [6].

3.1.3.2. Mucociliaris clearance

A csillos hamnak nagy jelentdsége van a nyalkahartya
normalis miikodése szempontjabol. A cilidk allando
ostorozod mozgast végeznek (300-500 csapas/perc). A
garat felé mereven csapnak, az orrnyilasok felé vissza-
hajlanak. Ezzel a mozgassal az orrvaladékot, a benne
levd szennyezddéseket és a bevitt gyogyszereket is a
garat felé sodorjak [12]. A mucociliaris clearance az
egyik legfontosabb élettani védelmi mechanizmusa a
légzorendszernek. A védelmi rendszer érzékenységé-
nek kovetkeztében nemcsak az artalmas anyagok, ha-
nem a hatdanyagok is gyorsan eliminaldédnak az orr-
nyalkahartya feliiletérdl a gasztrointesztinalis traktus
iranyaba. Mukoadheziv tulajdonsagokkal nem rendel-
kezd készitményeknél 10-15 perces felezési idovel kell
szdmolni. Csokkent mucociliaris clearance esetén
megndvekszik az érintkezési id6 a hatdanyag és a nyal-
kahartya kozott, ami nagyobb mértékii felszivodast
eredményez [6]. Sok hatdéanyagnal nem a permeabili-
tas a korlatozo tényezd az abszorpcid szempontjabdl,
hanem a mucociliaris clearance altali gyors eliminacid,
amit segédanyagokkal szabalyozni lehet [13].

3.1.4. Patologias dallapotok

A gybgyszer-permeaciot kiillonféle betegségek is be-
folyasoljak, mint példaul az egyszerli megfazas, a rhi-
nitis, az atopias rhinitis vagy az orrpolip. A betegségek
a mucociliaris clearance funkcidjanak karosodasahoz,
hipo-, illetve hiperszekrécidohoz és az orrnyalkahartya
irritaciojahoz vezetnek [6].

3.1.5. Kornyezeti tényezok

Altalanossagban megallapithatd, hogy a csillok csapasi
frekvenciaja és a mucociliaris clearance linedris ndveke-

dést mutat a hdmérséklet emelkedésének fliggvényében
[14]. A cigarettaflist csokkenti a mucociliaris clearance
hatékonysagat a mucus reoldgiai tulajdonsagainak befo-
lyésolasaval és/vagy a csillok szdménak redukciojaval,
de a csillok csapasi frekvencigja valtozatlan marad [10].

3.2.. A nazalis alkalmazas eszkozei

A hatéanyag mennyiségének pontos adagoldsa nagyon
lényeges szempont a gyodgyszerkészitmények adagold
eszkozeinek kialakitasa soran. Folyékony gyogyszerfor-
mak esetén cseppentdk és spray-k johetnek szoba. A
legkevésbé pontos adagolast orrcseppeknél lehet megfi-
gyelni, mert a folyadék tulcsorog a garat felé a gasztro-
intesztinalis rendszer iranyaba. Napjainkban a legelter-
jedtebbek az oldatos orrspray-k, melyek hasznalataval a
gyogyszerkészitmény adagoldsa pontos és egyszeril.
Szuszpenzios orrspray-k esetén szintén pontos adagolas
érhetd el, viszont ezek formulacidjanal kiilonos figyel-

Nazalis porok adagolasa hasonl6 eszkodzzel torténik,
mint az asztma kezelésében hasznalt por-inhalator.

Gélek, kendcsok és mas félszilard készitmények na-
zélis alkalmazasa megfelelden kialakitott tubusbol tor-
ténhet.

4. Intranazidlis gydgyszerbevitelt befolydsolo
formulacios tényezok

A farmakon fizikai kémiai sajatsagai: a molekulato-
meg, a molekulaméret, az oldékonysag, a lipofilitas és
a pK, érték alapvet(,'ien fontos tényezdk az abszorpcid
szempontjabol [6]. Igy megfeleld koriiltekintéssel kell
kivalasztani a segédanyagokat (III. tdablazaf) és a
gyogyszerhordozo rendszereket (IV. tablazat).

4.1. Farmakonok tulajdonsdgai

A farmakonok oldékonysaganak novelése azért 1énye-
ges, hogy a farmakon feloldédjon az orrnyalkahartya
feliiletén és igy jusson be a szisztémas keringésbe, va-
lamint, hogy kis térfogata (200-300 pl pro dosi), de te-

111 tablazat
Nazalis alkalmazdsra szant gyogyszerformak
segédanyagai
Nazalis készitmények segédanyagai
szolubilizald szerek: poliszorbat
illat- és izjavitok: mentol
pufferek: primer és szekunder foszfat
tartositoszerek: benzalkonium-klorid
ozmotikus sajatsagu segédanyagok: mannit
gélképzo és viszkozitas-noveld anyagok: kitozan
permeabilitast fokozo6 segédanyagok: Cremophor RH 40
mukoadheziv segédanyagok: natrium-hialuronat
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1V. tablazat

Gyogyszerhordozo rendszerek nazdlis alkalmazds esetén

Uj, modern gyogyszerhordozé rendszerek

Gyogyszerformak

mikroszférak, nanoszférak

oldatok: cseppek, oldatos spray-k

liposzomak szuszpenzidk: szuszpenzids spray-k
proliposzémak emulziok

nioszoémak kendcsok

nanokristalyok gélek

filmek szilard porok

s

egyszeri adagot allithassunk el6, mert nazalis készit-
mények esetén az orriireg térfogata limitalt, korlatozo
tényez6t jelenthet. Oldékonysag novelésre alkalmaz-
hatunk prodrugokat, ko-szolvenseket, ciklodextrine-
ket, valamint a hatéanyag s6 formajat [2]. Farmakonok
nazalis abszorpcidja pH-fiiggd folyamat, példaul savi
karakteri gydgyszereknél jobb felszivodas figyelhetd
meg, ha a pH alacsonyabb, mint a farmakon pK_ érté-
ke [1].

A részecskeméret csokkentése szintén egy lehetsé-
ges technologiai eljaras, mely lehetové teszi oldhatat-
lan kristalyok atjutdsat az orrnyalkahartyan. A nano-
mérettartomanyba (100-1000 nm) es6 kristalyok nem-
csak jobb oldhatosaggal, de kedvezébb permeabilitasi
tulajdonsagokkal is rendelkeznek. Arra mindenképpen
figyelmet kell forditani a szemcseméret kialakitasanal,
hogy azok a részecskék, amelyek 10 pm alatti méret-
tartomanyba esnek, bejutnak a légzdérendszerbe, a 0,5
pm-nél kisebbeket viszont ki is lélegezziik. Nazalis
alkalmazashoz 5-7 um kozotti részecske- illetve csepp-
méret az idedlis [15]. Tehat a nanorészecskéket hordo-
zoba kell agyazni (mukoadheziv vivOanyag), vagy
mikrométeres tartomanyba esd Uin. nanokompozitokat
kell eléallitani.

4.2. Segédanyagok jellemzoi

Az intranazalis gyogyszerbevitel segédanyagai: szolu-
bilizald szerek, pufferek, antioxidansok, illat- €s iz-
anyagok, tartositdszerek, gélképzo és viszkozitds-no-
veld anyagok, abszorpcio-fokozok [16].

Rendkiviil sokféle abszorpcid-fokozd segédanyagot
haszndlnak a hatéanyagok felszivodasanak novelése
érdekében, melyek megvaltoztathatjak a membran-flu-
iditast, csokkenthetik a nyalkahartya viszkozitasat, ga-
tolhatjak a proteolitikus enzimek aktivitasat, fokozhat-
jék a sejtek kozotti zardkapcesolatok permeabilitasat,
serkenthetik a paracellularis vagy transzcellularis
transzportot, fokozhatjdk az orrnyalkahartya vérel-
latottsagat [6]. Ezen abszorpcid-fokozd segédanyagok
kivalasztasanal tigyelni kell arra, hogy a lehetd legki-
sebb, de még hatasos koncentracioban alkalmazzuk az
irritacio elkeriilése, mérséklése miatt [13].

Ilyen segédanyagnak tekinthetd a kitozan. Pozitiv

toltésli egyenes lancu poliszacharid, amely atmenetileg
nyitja a sejtmembranok kozotti zardkapcesolatokat és
bioadheziv tulajdonsaggal is rendelkezik, igy lehetové
teszi polaros anyagok transzportjat, amelyek nem jut-
nanak at az orrnyalkahartyan. A kitozan tovabbi el6-
ny0s tulajdonsaga, hogy az orrnyalkahartyara nem to-
xikus és nem is irritalja. Kiilondsen biztatd formulaci-
onak bizonyult morfin kitozdnnal egyiitt valé intrana-
zalis adagolasa [17].

Mukoadheziv tulajdonsagokkal rendelkez6 rendsze-
rek alkalmazésa eldény0s lehet nazalis bevitel esetén,
akar direkt agyszovetbe iranyulo transzportra is a vér-
agy gat megkeriilésével. Horvat és munkatarsainak
eredményei az abszorpcid-fokozd segédanyagok és a
bioadheziv polimerek szerepére vilagitanak ra [18].

Egy polimer mukoadhezivitasat befolyasolo ténye-
70k a kovetkezok: megfeleld funkcios csoportok a hor-
doz6 polimeren, a polimer molekulatdmege megfeleld
tartomanyban legyen a keresztkotésekhez, a térbeli el-
rendez0dés, az érintkezési id6 a nyalkahartyaval, a po-
limer koncentracidja, valamint a kdrnyezet kémhatasa
¢s fizioldgiai valtozatossaga (pl. mucin réteg megiju-
lasa) [10].

4.3. Gyogyszerkészitmény sajatsagai

A készitmény fizikai kémiai sajatsagai alapvetden be-
folyasoljak a gyogyszerfelszivodast. A kémhatasnak
pH 4,5-6,5 kozotti tartomanyban kell lennie. Megfe-
leld kémhatés kialakitasa és pufferekkel torténd fenn-
tartas esetén az orrnyalkahartya irritacidja elkeriilheto,
kedvezdbb abszorpcid biztosithatd, megelézhetd a
bakterialis fertdzés kialakulasa [16]. Az ozmolaritas és
a viszkozitas szintén befolyasolo tényezok. Altalanos-
sagban izotonias formulacié preferalt, de ismert tény,
hogy a tonicitas valtozasaval modosul az orrnyalkahar-
tyan keresztiili felszivodas [16]. Nagyobb viszkozitasu
készitmények kellemetlen érzetet keltenek és a fiziolo-
gias tulajdonsagokat is negativan befolyasoljak [6].
Nazalis alkalmazas esetén kiilonb6zo gyogyszerfor-
mak johetnek szoba. Folyékony készitményeket tekint-
ve lehetnek oldatok, szuszpenziok, kiilonféle tipusu
emulziok. Alkalmazhatunk azonban szilard halmazal-
lapotl porokat is, ezek a készitmények DPI-szer(i rend-
szerek (Dry Powder Inhalation) és modern technologi-
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ai eljarasok tjan lehet 6ket eldallitani. Félszilard ké-
szitmények kozil a kendcsok és a gélek johetnek sza-
mitasba.

Uj, modern gyogyszerhordozé rendszerek a nazalis
bevitel jovojét jelentik. Egyes mikroszféras rendszerek
gélesedd tulajdonsagokkal rendelkezd segédanyagokat
is tartalmaznak, melyek hatasara jobb abszorpcios pro-
fillal jellemezhetdek. A zardkapcsolatok atmeneti ki-
szélesedése figyelhetd meg mikroszférak jelenlétében
[16], mert ezek a rendszerek vizet vonnak el a nyalka-
hartyarétegbdl, ezaltal duzzadnak. Az epitél sejtek de-
hidrataldédnak és ez okozza a zardkapcsolatok megnyi-
lasat. A készitmény orriiregben valo tartdzkodasi idejét
novelni lehet bioadheziv mikroszférak alkalmazasaval.
A leggyakrabban hasznalt mikroszféras rendszerek a
lebomlé keményitd mikroszférak, melyekkel novelni
lehet a nazalis abszorpcidt szamos hatéanyag esetén
(pl. inzulin, gentamicin, human ndvekedési hormon,
metoklopramid és dezmopresszin) [19]. A nanotechno-
logiaval eldallitott termékek szintén igéretesek lehet-
nek, mert ezeknek a nano mérettartoméanyban (10 m)
1évo6 részecskéknek kedvezd felszivodasi profilja van.
A liposzomak, illetve a kevésbé ismert nioszomak be-
¢épiilnek a bioldgiai membranokba, igy az ilyen rend-
szerekben 1év6 hatdanyagok atjutdsa nem {itkozik ne-
hézségekbe, valamint ezek ndvelik a retencios idot is
az orriiregben. Bioadheziv polimerekbdl (poliakrilsav)
allo gélek szintén a jovot jelentik [19].

5. Jovokep

A jovot az 1j technologidkkal eléallitott készitmények
jelentik szisztémas keringésbe iranyul6 nazalis gyogy-
szerbevitellel, melyekkel célzott terapia érhetd el. A
nazalis alkalmazasi utat fogjuk vizsgalni az SZTE
Gyodgyszertechnologiai Intézetében egylittmitkdodve az
MTA Szegedi Biologiai Kozpont Biofizikai Intézeté-
nek Molekularis Neurobioldgiai Csoportjaval kiilonfé-
le in vitro, in vitro sejtvonalas, ex vivo és in vivo mod-
szerekkel.
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Recently, focus has been on the nasal mucosa as an alternate ro-
ute to achieve faster and higher drug absorption. Knowledge of
the nasal mucosa’s high permeability and use of the nasal route
for drug administration can be traced to ancient times. Realiza-
tion of the nasal mucosa as a therapeutically viable alternate ro-
ute came in the last three decades. Nasal drug administration has
been used as an alternative route for the systemic availability of
drugs restricted to intravenous administration. This is due to the
large surface area, porous endothelial membrane, high total blo-
od flow, the avoidance of first-pass metabolism, and ready ac-
cessibility. The nasal administration of drugs, including nume-
rous compound, peptide and protein drugs, for systemic medi-
cation has been widely investigated in recent years. Further re-
search with novel nasal therapeutic systems is needed to increa-
se the absorpion of drugs through the nasal mucosa without
compromising normal function.
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Co-grinding is a procedure for the preparation of nanoparticles in which the drug is ground together with one
or more excipients. The grinding of meloxicam, a crystalline solid, together with amorphous polyvinylpyrro-
lidone (PVP) or semi-crystalline polyethylene glycol (PEG) as excipients, is expected to lead to a drastic
reduction in particle size. We optimized meloxicam grinding using a three level full factorial response surface
design. In the case of PVP the optimum co-grinding parameter set in our study proved to be a meloxicam to
PVP-C30 ratio of 1:1, and a rotation frequency of 400 rpm. The best size reduction was achieved at a

Keywords: ° - 3 > !
Nanoparticle meloxicam to PEG 6000 ratio=1:2 at a rotation frequency of 400 rpm: nanoparticles averaging
Meloxicam dsem=174 nm in diameter and with a very narrow size distribution (standard deviation 35% of mean)
Co-grinding were obtained. X-ray powder diffraction analysis indicated that the optimized products contained amorphous

Scanning electron microscopy
Factorial experimental design
Nasal powder system

meloxicam nanoparticles in the PVP-C30 composition, although meloxicam nanocrystals could also be
detected in the samples which contained PEG 6000. The dissolution properties were significantly increased
under nasal conditions (pH 5.1, temperature 30 °C), especially in the case of the amorphous product. Such dry
powder systems can offer novel opportunities in systemic nasal drug delivery.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Nanonization offers an excellent possibility to overcome mucosal
barriers [1,2] and has several advantages in drug delivery [3,4]. It is
believed that nanoparticles can be transported across barriers into the
bloodstream without prior dissolution [5]. Nano-sized drugs with
carriers can overcome the resistance offered by the physiological
barriers in the body because the efficient delivery of drugs to various
parts of the body is directly affected by the particle size [6].

Several techniques are available for the production of drug
nanoparticles [7]. Basically, bottom-up and top-down technologies
can be differentiated. The bottom-up technologies start from the
molecules, which are precipitated (crystallized) in a controlled fashion
to yield the desired particle size. Nowadays, bottom-up techniques are
not the main choice for drug nanoparticle production due to the use of
organic solvents. The top-down technologies are disintegration
methods e.g. various types of milling (high-intensity ultrasonication,
high-pressure homogenization, grinding or co-grinding) are more
frequently used [8].

The size reduction of pharmaceutical materials is often performed
by means of dry milling [9,10], but the size reduction possible by dry

* Corresponding author at: H-6720 E6tvos utca 6., Szeged, Hungary. Tel.: 436 62
545572; fax: +36 62 545571.
E-mail address: revesz@pharm.u-szeged.hu (P. Szab6-Révész).

0032-5910/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.powtec.2011.05.018

milling is known to be limited to around 3 um due to aggregation of
the particles. Experiments focusing on a particle size reduction to the
submicron region by co-grinding with additives have recently been
attempted [11-14].

Nanonization has become a popular approach to produce particles
in the size range of 200-400 nm, to improve both the dissolution rate
and the solubility of the compound [15]. The latter phenomenon is
due to the well-known dependency of solubility on particle size as
described by the Ostwald-Freundlich equation. Breakage of micron-
sized drug crystals into nanoparticles creates an increased particle
surface area, which is thermodynamically unfavorable. Thus, nano-
sized particles tend to agglomerate to reduce their surface area.
Particle agglomeration can be prevented by steric stabilization using
polymeric excipients [16].

Co-grinding is a top-down disintegration procedure for the
preparation of nanoparticles by grinding of the drug together with
one or more excipients [17,18]. A main advantage of co-grinding as
compared to other methods is that it is a simple procedure and organic
solvents are not needed for the preparation of nanoparticles; it is
therefore an economically and environmentally desirable technology
[19]. It is important to control the parameters (e.g. duration of grinding,
the grinding rate, the material and the volume of the grinding pot, the
material and the number of the grinding balls, the grinding excipients
and the drug/excipient ratio) by means of a factorial experimental
design [20,21].
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Meloxicam, a non-steroidal anti-inflammatory and analgesic
water-insoluble drug (NSAID), is an enolic acid oxicam derivative
[22,23]. The single oral dose of meloxicam is 7.5-15 mg. The favorable
side-effect profile and the low quantity of a single dose make this
NSAID suitable for administration via alternative pathways, e.g.
intranasally. This may result in novel opportunities for the easing of
pain, which affects the region of the head.

A reduction of the particle size of meloxicam into the nano-size
range (100-1000 nm) is possible by crystallization methods through
formulation of the drug in a nanosuspension [24]. However, co-
grinding offers a simpler and environmentally friendly way of
preparing meloxicam nanoparticles. Nanoparticles are a formulation
principle for all poorly soluble drugs for which the dissolution velocity
is the rate limiting step for absorption and thus the reason for a too
low bioavailability. The increase in surface area leads to an increase in
the dissolution velocity.

Water-soluble polymers have typically been used as co-grinding
excipients [13,25,26]. An example is polyvinylpyrrolidone (PVP), an
amorphous excipient which does not melt during the grinding process
therefore it could also help particle size reduction and to prevent the
agglomeration, as stabilizer agent [27-29]. On the contrary, polyethylene
glycol (PEG) is a semicrystalline grinding excipient with low melting point
which could melt due to friction work and as a consequence it cannot help
as efficiently as PVP the size reduction.

The grinding of meloxicam, a crystalline solid, together with
amorphous PVP or semicrystalline PEG as excipients is expected to
lead to a drastic reduction in particle size and to possible changes in
the crystallinity of meloxicam without any harmful alterations in its
pharmaceutical effect. The crystalline and the amorphous form of an
active agent have no difference in their effect, although the onset of
action can be improved with faster dissolution rate.

Multivariate problems similar to meloxicam grinding are often
optimized by using the COST (Change One Separate factor at a Time)
approach: all parameters but one are fixed, and the response of the
system is studied as a function of the changing variable. Each variable
is scanned in this way, and the combination of their optimum values is
accepted as the overall optimum. Unfortunately, this method is slow,
since the number of necessary experiments increases considerably
with the number of variables. Moreover, the COST approach can
seldom find the true overall optimum of a system since it assumes that
the effects of all variables are completely independent, whereas the
response of a real system to change in any single parameter often
appears as the overall effect of several parameter alterations (i.e. real-
life multidimensional parameter spaces are seldom orthogonal). A
good strategy for finding the overall optimum of a multivariate
problem is to fit the response surface on the basis of the responses
obtained from well-chosen parameter sets. Since the effect of any
single variable can usually be accounted for by a second-order
polynomial, it is customary to test parameters at three different levels:
a high, a medium and a low setting. Such designs, called three-level
full factorial designs, have been applied successfully in the past to
optimize the synthesis of carbon nanotubes [20,30], the deposition of
titanate nanowires on glass [31] and the wet peroxidation of aqueous
phenol solution [32]. The simplest three-level full factorial design is to
pick three values for one independent variable (x;: rotation speed),
chart the three corresponding response (d: particle diameter) values
in a standard two dimensional Cartesian coordinate system and fit the
d =f(x;) function by a parabola. In case of two independent variables
(x1: rotation speed and X,: meloxicam to excipient ratio) we need to
sample 3 x3 =9 points in the x;x, plane and chart the corresponding
d values as elevation above the x;X, plane in a three dimensional
coordinate system.

The aim of our present research work was to produce meloxicam
nanoparticles by co-grinding process with PVP and PEG, investigating
the influence of different parameters on particle size and optimizing
them by using a three-level full factorial design so that nano-sized

meloxicam particles of uniform size distribution are obtained. The
optimized products were investigated from the aspects of crystallinity
and extent of dissolution under in vitro nasal circumstances.

2. Materials and methods
2.1. Materials

Meloxicam (4-hydroxy-2-methyl-N-(5-methyl-2-thiazolyl)-2H-
benzothiazine-3-carboxamide-1,1-dioxide) was obtained from EGIS
Ltd. (Budapest, Hungary). The grinding additives, polyvinylpyrroli-
done (PVP) K25 and C30 were purchased from BASF (Ludwigshafen,
Germany). Types of PVP (K25 and C30) differ in molecular weight,
viscosity and field of application. Molecular weight of PVP-K25 is
about 34,000 and PVP-C30 has a higher molecular weight (about
58,000). Because their viscosity relating to molecular weight so the
viscosity of PVP-C30 is higher, than for K25. In the case of PVP the
letter “C” indicates applicability also for preparation of aseptic dosage
forms. Polyethylene glycol (PEG) 6000 and 20,000 were from Sigma-
Aldrich Chemie GmbH, Germany. The numbers of PEG (6000 and
20,000) refer to the molecular weight of the polymer.

2.2. Methods

2.2.1. Preliminary experiments

Several pharmaceutical excipients were tested, and the results of
the co-grinding of meloxicam with PVP and PEG were the most
promising in the aspect of particle size reduction. In these preliminary
experiments some optimum parameters of the grinding (the duration
of grinding, the material and the volume of the grinding pot and the
material and the number of grinding balls) were also set.

2.2.2. Preparation of co-ground formulations and their physical mixtures

Binary mixtures of as-received meloxicam powder and the carriers
PVP-C30, PVP-K25, PEG 6000 and PEG 20,000 were mixed and
charged into the chamber of the planetary monomill (Fritsch
Pulverisette 6, Fritsch GmbH, Idar-Oberstein, Germany) in various
drug-carrier ratios (1:0.5, 1:1 and 1:2). The grinding was performed in
an 80 cm? silicon nitride (SisN4) milling drum containing 25 silicon
nitride balls 10 mm in diameter. In each experiment, 1.0 g of
meloxicam was ground together with the calculated amount of
polymer additive.

The milling parameters are given in Table 1 and the investigated
parameters are listed in Table 2. After grinding, the samples were
stored in plastic vials until use.

The physical mixtures of drug-carrier were prepared by accurately
weighing the calculated amounts of meloxicam and carrier, mixing
them well in a porcelain mortar and storing in plastic vials until use.

2.2.3. Determination of particle size by scanning electron microscopic
image analysis

2.2.3.1. Scanning electron microscopy (SEM). Co-ground products were
washed and centrifuged three times in distilled water to separate the
water-soluble excipient from the water-insoluble meloxicam (the
solubility of meloxicam is 4.44 0.7 pg/mL [24]), so that individual
meloxicam particles could be studied. The particle size and the surface

Table 1

General parameters of co-grinding, independent variables.
Material of the grinding pot Si3Nyg
Material of the grinding balls SisNg
Number of the grinding balls 25
Vgrinding pot 80 mL
Dgrinding ball 10 mm
tmllling 2h
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Table 2

Compositions of different samples, parameters of optimization.
Meloxicam/excipient ratio 1:0.5,1:1,1:2
Excipients PVP-C30, PVP-K25, PEG 6000, PEG 20,000
Revolutions per minute (rpm) 200, 300, 400

morphology of the meloxicam particles were visualized by SEM.
Samples were fixed onto a metallic stub with double-sided conductive
tape (diameter 12 mm, Oxon, Oxford Instruments, UK). Images were
taken in secondary electron image mode on a Hitachi S-4700 Type Il
instrument at an acceleration voltage of 10 kV.

2.2.3.2. Image analysis. Meloxicam particle diameter distributions
were obtained by analyzing several SEM images with the Image]
software environment [33]. Over 150 individual particle measure-
ments were made in at least five different images in order to
determine the particle size accurately. Although less frequently used
than TEM or dynamic light scattering, SEM image analysis is an
established method for nanoparticle size analysis: for instance, it was
applied successfully for the characterization of carbon nanotube
networks [30], Zn-glycerolate microstacks [34] and co-grinding
products of PVP and CaCOs [35].

2.2.3.3. Design of experiments. In a series of pre-screening experiments
the following parameters were fixed (see Table 1): (i) the milling
drum size and material, (ii) the ball size and number, and (iii) the
milling duration. The remaining variables, i.e. the excipient type, the
excipient-to-meloxicam ratio and the milling rate were the param-
eters featuring in the optimization. A full factorial design plan was
created and carried out with the meloxicam particle size distribution
defined as response factor. All calculations were performed by using
Minitab 14 (Minitab Statistical Software).

2.24. Further investigations of the optimized products

2.2.4.1. X-ray powder diffraction analysis (XRPD). The physical state of
meloxicam in the different samples was evaluated by XRPD.
Diffraction patterns were analyzed with a Miniflex Il X-ray Diffrac-
tometer (Rigaku Co. Tokyo, Japan), where the tube anode was Cu with
Ko = 1.5405 A. The pattern was collected with a tube voltage of 30 kV
and a tube current of 15 mA in in-step scan mode (4°/min). The
instrument was calibrated by using Si.

2.24.2. Studies of the extent of dissolution under in vitro nasal
conditions. The dissolution of different powder samples containing the
same amount of drug (10 mg) was determined according to the
European Pharmacopoeia (6th Edition) paddle method (Pharma test,
Heinburg, Germany), which means a rotating paddle in the dissolution
vessel. 50.0 mL of phosphate buffer solution (pH 5.6 +0.1) at 30+ 0.5 °C
was used as a dissolution medium and the rotation speed of the paddles
was 100 rpm. At predetermined times, 1 mL samples were withdrawn
and immediately filtered (cut-off 0.2 um, Minisart SRP 25, Sartorius,
Germany) and the amount of dissolved drug was determined
spectrophotometrically (N =364 nm). Withdrawn samples were
replaced with 1 mL of fresh medium.

3. Results and discussion

Fig. 1 presents typical SEM images of meloxicam particles before
grinding (A) and after grinding in the presence of the various
excipients (B-D). The particle size was reduced by roughly one order
of magnitude, regardless of the additive used. This primary effect
originated from the high-energy collisions taking place in the
planetary ball mill [36]. Ball milling is a process with complex
mechanics, analyzed in detail by Chattopadhyay et al. [37]. On the
basis of their model, it was possible to calculate the energetics of the
co-grinding experiments performed. The results in Table 3 indicate

101V 12%muy 10,0k SE(U)

Fig.1. Scanning electron microscopic images from meloxicam before grinding (A), after co-grinding with PVP-K25 in a ratio of 1:0.5 at 300 rpm (B), with PEG 20,000 in a ratio of 1:0.5
at 400 rpm (C), with PEG 6000 in a ratio of 1:0.5 at 400 rpm (D)/from all of the products PVP and PEG were dissolved by distilled water due to the visualization of meloxicam

particles/.
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Table 3
Milling energetics map of the experiments performed.

Table 4
Particle diameter (dsgy) of meloxicam particles in different compositions.

Cumulative collision energy transferred
K-g™"

Meloxicam to additive weight ratio

Rotation Collision No additive 1:0.5 1:1 1:2
speed (rpm) frequency (s~ 1)

200 240 8.56 5.71 428 2.85

300 360 28.89 19.27 14.45 9.63

400 480 68.50 4567 3425 2283

that the total energy transferred to the meloxicam-excipient mixture
via collisions in our system lies in the range of 2.80-68.50 kjg ™.

A closer analysis of the SEM micrographs revealed that there were
considerable differences in nanoparticle size distribution as a function
of the excipient type used. The size distribution function is
characterized by the mean particle diameter and the standard
deviation of the diameter (given as a percentage of the mean and
denoted as SD%). These values are reported in Table 4, and their
relationship with the grinding variables is analyzed quantitatively
in the main effects plots (Figs. 2 and 3) and interaction plots (Figs. 4
and 5). The main effects plot shows the average response for each
value of each variable, combining the effects of the other variables as if
all variables were independent. The main effects plots for the
meloxicam particle diameter indicate that the tested excipients can
all promote size reduction (Fig. 2). Increasing the relative amount of
meloxicam in the system resulted in larger product particles, whereas
increasing the milling energy (grinding rate) reduced the particle size.
Since our goal was to grind meloxicam into uniformly small particles
so that its administration can be controlled, it was important to study
the main effects plots characterizing the broadness of the particle size
distribution curve (SD%) (Fig. 3). It is evident from Fig. 3 that the
excipients PVP-K25 and PEG 6000 provide significantly broader and
narrower diameter distributions, respectively, than the other two
tested additives. Increase of the meloxicam to additive ratio resulted
in a less uniform product. On the other hand, the distribution
uniformity as a function of the milling energy exhibited a minimum at
300 rpm.

Interaction plots illustrate the effects between variables, which are
not independent by showing the means of the responses for each level
of a factor for each level of a second factor pairwise for all factors
involved in the study. Therefore, the interaction plots presented in
Figs. 4 and 5 for the mean diameter and the SD%, respectively, can be
used to gain insight into the complex interactions between the
grinding parameters. For example: (i) all additives but PVP-C30 result
in a particle diameter increase at higher milling rates, (ii) increasing
the milling frequency can compensate the diameter differences
introduced by changing the meloxicam to additive ratio, (iii) the use
of PEG 6000 as additive results in particularly narrow size distribu-
tions, regardless of the choice of the other two parameters, etc.

We are now in a position to summarize the grinding behavior of
the novel NSAID meloxicam in a high-energy ball mill with SizN4 as
grinding material. In the absence of any grinding additives, the final
product particles are too large at low milling energy (dsgy =364 nm
at 200 rpm) and aggregate rapidly at high energy (dsgy =343 nm at
400 rpm). There is an optimum at 300 rpm. However, even at this
setting, the average product particle size is above dsgy =270 nm. It is
interesting to note that, without additives, the relative broadness of
the particle size distribution function was independent of the milling
energy (SD~61%).

With PVP-C30, it was possible to push the average meloxicam
particle size below 250 nm and the average SD below 50%. This was a
significant improvement relative to the additive-free grinding result.
The optimum co-grinding parameter set for PVP-C30 was a melox-
icam to excipient ratio=1:1, and a rotation frequency of 400 rpm.

Excipient ~ Meloxicam/excipient ratio Rotation speed (rpm) dsgm = SD (nm)
- 1:0 - 2643.64+2629.1
- 1:0 200 364.5+228.1
- 1:0 300 275.0+170.6
- 1:0 400 343.54205.9
PVP-C30 1:05 200 5114333
PVP-C30 1:1 200 267 +£158
PVP-C30 1:2 200 221.7+105.4
PVP-C30 1:0.5 300 2434115
PVP-C30 1:1 300 242 +141
PVP-C30 1:2 300 302.3+115.7
PVP-C30 1:0.5 400 209.9+85.3
PVP-C30 1:1 400 140.4 +69.2
PVP-C30 1:2 400 238.6+147.9
PVP-K25 1:0.5 200 203.6+190.0
PVP-K25 1:1 200 192.7+744
PVP-K25 1:2 200 229.14+203.2
PVP-K25 1:0.5 300 266.3+117.0
PVP-K25 1:1 300 351.7+£227.7
PVP-K25 1:2 300 277.6+139.9
PVP-K25 1:0.5 400 251.54+362.6
PVP-K25 1:1 400 246.4+108.5
PVP-K25 1:2 400 262.84+124.7
PEG 6000  1:0.5 200 1752 +57.4
PEG 6000  1:1 200 212.34+92.0
PEG 6000  1:2 200 -

PEG 6000  1:0.5 300 165.0 +59.6
PEG 6000  1:1 300 204.44-88.9
PEG 6000  1:2 300 358.1+145.3
PEG 6000  1:0.5 400 197.3+84.8
PEG 6000  1:1 400 22954923
PEG 6000  1:2 400 173.8+60.3
PEG 20,000 1:0.5 200 368.7+238.0
PEG 20,000 1:1 200 318.8+136.2
PEG 20,000 1:2 200 200.04+134.6
PEG 20,000 1:0.5 300 23554+117.7
PEG 20,000 1:1 300 217.64+103.7
PEG 20,000 1:2 300 -

PEG 20,000 1:0.5 400 185.1+73.7
PEG 20,000 1:1 400 234541229
PEG 20,000 1:2 400 333.8+151.0

If the target drug administration task allows the application of
PEG 6000 as additive, then it is possible to improve the co-grinding
process further. The parameter setting meloxicam to PEG 6000 = 1:2
at a rotation frequency of 400 rpm yields nanoparticles averaging
dsgv =174 nm in diameter and a very narrow size distribution,
characterized by SD =35%. This set is the overall optimum result in
our study.

The most promising products of the co-grinding process were
further investigated by XRPD analysis. The optimized products
(Table 5, Fig. 6) differ in their crystallinity, which can be observed
in the diffraction spectra (Fig. 7). The XRPD patterns of meloxicam,
physical mixtures and products containing meloxicam and excipients
in the optimized ratio are presented. The presence of numerous
distinct peaks in the XRPD spectrum indicates that meloxicam is a
crystalline material; its characteristic peaks appear at diffraction
angles 20 of 13.22, 15.06, 26.46 and 26.67°. The crystallinity of
meloxicam was decreased in the co-grinding process with PVP-C30;
in the other optimized product, which contains PEG 6000 the
crystallinity of meloxicam did not change significantly comparing to
the physical mixture. The crystalline meloxicam was altered in the co-
grinding process with the amorphous excipient, PVP-C30, leading to
amorphous nanoparticles. With PEG 6000 as excipient, the crystal-
linity of meloxicam was proved (Fig. 7), i.e. meloxicam nanocrystals
were prepared.

The extent of dissolution was determined under conditions of
nasal drug delivery (Fig. 8). Under in vitro circumstances, we
attempted to mimic the physiological conditions of the human
nose; the temperature of the dissolution medium was 30 °C and the
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Fig. 2. Influence of different parameters (main effects plot, data means) on meloxicam crystal diameter (C30 = PVP-C30, K25 = PVP-K25, PEG20k = PEG 20,000, PEG6k = PEG 6000).
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Fig. 3. Main effects plot (data means) for SD% (C30 =PVP-C30, K25 = PVP-K25, PEG20k = PEG 20,000, PEG6k = PEG 6000).
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Fig. 4. Interaction plot (data means) for diameter (C30 =PVP-C30, K25 = PVP-K25, PEG20k = PEG 20,000, PEG6k = PEG 6000).
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Fig. 5. Interaction plot (data means) for SD% (C30 =PVP-C30, K25 = PVP-K25, PEG20k = PEG 20,000, PEG6k = PEG 6000).

Table 5
Optimized products.

Grinding excipient of meloxicam Drug to excipient ratio Rotation speed (rpm)

PVP-C30 1:1 400
PEG 6000 1:2 400

pH was 5.6. These conditions alter the dissolution properties of the
effective agent: lower temperature and pH decreases the extent of
meloxicam dissolution, although the particle size reduction enhances
the extent of dissolution. In the meloxicam PVP-C30 composition, the
extent of dissolution after 60 min increased in case of the co-ground
product from 4.14+0.21% to 66.24+4.73% relative to the physical
mixture of the effective agent and the excipient. In the background of
this phenomenon stands in one hand the reduction of the particle size
(nanonization) and on the other hand the decrease in crystallinity of
the effective agent (amorphization). Nanoparticles improve dissolu-
tion rate and bioavailability of poorly water-soluble drugs [38-41]
owing to increased surface area available for dissolution as described
by the Noyes-Whitney equation [42]. The co-grinding technique has
already been employed for amorphization of drugs [43,44].

A two-fold enhancement of the extent of meloxicam dissolution
was observed in the case of the meloxicam PEG 6000 co-ground
product, in which meloxicam is in nanocrystal form. By now, main
attention was focussed on size and related surface area. It was recently
reported that the interfacial reaction resistance is getting the velocity
determining parameter for crystals below 1 pm. Design of nanocrys-

10.0kV 12.4mm 280k

tals with faster interfacial reaction can further enhance the dissolution
velocity [45]. In addition, nanomaterials possess improved adhesive-
ness to biological membranes [7]. The extent of meloxicam dissolution
after 60 min in the physical mixture was 4.1 £+ 0.21%, while that for
the optimized product was 8.3 4-0.08%. In the physical mixtures the
excipient had no influence on the extent of meloxicam dissolution,
contrary products, which were undergone nanonization with co-
grinding process, showed significantly higher extent of dissolution.

Nanonization and amorphization of meloxicam resulted in
significantly better dissolution properties in the in vitro dissolution
studies under conditions, which mimic the physiological pH and
temperature of the human nose.

Insoluble powders are likely to be effective for nasal systemic drug
delivery [46]. The nasal powder formulations enhance systemic
bioavailability, and are superior to liquid formulations [47,48] from
the aspects of increased chemical stability of the drug, no requirement
for preservatives in the formulations, and the feasibility of adminis-
tering relatively large amounts of drug [49-51].

4. Conclusions

This study explored the effects of additives on the co-grinding
behavior of the frequently applied NSAID meloxicam in a high-energy
planetary ball mill. It was shown that both PVP and PEG as additives
can act as efficient excipients in the mechanical size reduction of
meloxicam particles. The influence of the grinding parameters:
additive type, meloxicam to additive ratio and milling frequency on
the product particle size distribution function was studied via a full

10.0kV 12.17mm x20.0k SE(U)

Fig. 6. Scanning electron microscopic images from the optimized products: meloxicam after co-grinding with PVP-C30 in a ratio of 1:1 at 400 rpm (A), meloxicam after co-grinding
with PEG 6000 in a ratio of 1:2 at 400 rpm (B)/from all of the products PVP and PEG were dissolved with distilled water due to the visualization of meloxicam particles,.
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Fig. 7. X-ray powder diffraction spectra of meloxicam (5), physical mixtures (4, 3) and
products of meloxicam co-grinded with PVP-C30 (2), meloxicam with PEG 6000 (1).

factorial design. Optimum grinding parameter sets for the nitrogen-
containing additive PVP (meloxicam to PVP-C30 ratio=1:1, rotation
frequency 400 rpm) and for nitrogen-free PEG 6000 (meloxicam to
PEG 6000 = 1:2, rotation frequency 400 rpm) were identified.

XRPD analysis indicated that the optimized products contained
amorphous meloxicam nanoparticles in the PVP-C30 composition,
although meloxicam nanocrystals could be detected in the samples
which contained PEG 6000. The dissolution properties are also
significantly increased under nasal conditions (pH 5.1, temperature
30 °C), especially in the case of the amorphous product. These dry
powder systems can offer novel opportunities in systemic nasal drug
delivery.

These products are suitable for further investigations in in vitro cell
culture models, in ex vivo tissue models and in in vivo animal
experiments with the aim of intranasal systemic drug delivery.

Meloxicam dissolved (%)
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Fig. 8. The extent of meloxicam dissolution in the optimized products and in the
physical mixtures, dissolution circumstances: pH 5.6 +£0.1, 304+ 0.5 °C.
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Sucrose esters are effective solubilizers and there is an interest to use them as pharmaceutical excipients
for nasal drug delivery. We have determined for the first time the non-toxic doses of laurate and
myristate sucrose esters by four independent methods, and their effects on epithelial permeability using
RPMI 2650 human nasal epithelial cell line. Based on real-time cell electronic sensing, MTT dye conver-
sion and lactate dehydrogenase release methods reference surfactant Cremophor RH40 proved to be the
least toxic excipient, and could be used at 5 mg/mL concentration for 1 h in epithelial cells without cel-
lular damage. The non-toxic dose of Tween 80 was 1 mg/mL, while the dose of laurate and myristate
sucrose esters that could be safely used on cells for 1 h was 0.1 mg/mL. Both the reference surfactants
and the sucrose esters significantly enhanced the permeability of epithelial cell layers for the paracellular
marker FITC-labelled 4.4 kDa dextran at 0.1 mg/mL concentration. The effects of sucrose esters on epithe-
lial permeability were dose-dependent. These data indicate that laurate and myristate sucrose esters can
be potentially used as permeability enhancers in nasal formulations to augment drug delivery to the sys-
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Epithelial permeability

temic circulation.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Intranasal administration is an effective way to deliver drugs
into the systemic circulation as an alternative to the oral and
parenteral routes for some therapeutic agents (Chien et al.,
2008). Undoubtedly, the nasal administration of medicines has
been widely used for the treatment of topical nasal conditions such
as nasopharyngitis or allergic rhinitis for many years. The nasal
pathway may circumvent the blood-brain barrier and allow cen-
trally acting pharmacons a direct transport route to the central
nervous system (Illum, 2000; Horvat et al., 2009). Concerning sys-
temic delivery, drugs can be rapidly absorbed through the nasal
mucosa, resulting in a quick onset of action, and avoiding degrada-
tion in the gastrointestinal tract and first-pass metabolism in the
liver (Ugwoke et al., 2001; Arora et al., 2002).

Nasal absorption is affected by physicochemical, anatomical
and physiological, as well as formulation factors. The bioavailabil-
ity of different active agents varies between 1% and 90%. Many
drugs display high bioavailability by the nasal route, particularly
if they have lipophilic characteristics (Davis and [llum, 2003). The
number of nasal formulations which are available on the market
is rapidly growing. The use of nasal administration of drugs is

* Corresponding author. Tel.: +36 62 599602; fax: +36 62 433133.
E-mail address: deli@brc.hu (M.A. Deli).

0887-2333/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tiv.2012.01.015

especially important in the treatment of migraine, severe pain
and hormone replacement (Illum, 2003).

Lipophilic drugs can be expected to demonstrate rapid and effi-
cient absorption when given nasally, but more polar compounds
are poorly absorbed. Bioavailabilities of about 1% are to be ex-
pected for biopharmaceuticals such as insulin, calcitonin or leupr-
oline, and even less for higher molecular weight peptides and
proteins such as growth hormone, interferons and growth factors
(Kissel and Werner, 1998). The poor uptake of drugs from the nasal
cavity can be associated with three major factors, (i) poor transport
across the nasal epithelium; (ii) possible enzymatic degradation in
the nasal cavity; (iii) rapid mucociliary clearance from the absorp-
tion site (Schmidt et al., 1998).

The critical factor for nasal absorption is the penetration across
the nasal epithelial cell layers. The pathways for absorption across
the nasal respiratory epithelium are similar to those across other
epithelia in the body. Lipophilic drugs are transported transcellular-
ly by passive lipid-mediated free diffusion, whereas hydrophilic
compounds cross the barrier passively via the paracellular pathway,
or use active carrier- or receptor-mediated processes (Deli, 2009).

Since the junctions between epithelial cells constitute the
strongest barrier in the nasal system (Wolburg et al., 2008), consid-
erable effort has been directed towards the development of tech-
nologies that can improve the permeation across these cells
(Illum, 2003). Methods to enhance or promote absorption by using
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Table 1

Structure and properties of reference surfactants.

Macrogol-glycerolhydroxystearate 40 (Ph. Eur.)

Polysorbate 80 (Ph. Eur.)

HO(CH,CH,0),

OH

(OCH,CHy),OH

Chemical structure

OH

=

}
O (o]

Polyethoxylated 40 hydrogenated castor oil

Cremophor RH40

(OCH,CH,),0H

OH

(OCHZCHZ)Z_ O/U\C17H33

Polyethoxylated sorbitan and oleic acid

Tween 80

Chemical name
Trade name

90%: ricinoleic acid (CygH3403)10%: linoleic, oleic, palmitic and stearic acid
White to yellowish thin paste at 20 °C

15

70%: oleic acid (CygH340;) 30%: linoleic, palmitic and stearic acid

Viscous water-soluble yellow liquid

15

Composition

Physical properties

HLB

L. Kiirti et al. / Toxicology in Vitro 26 (2012) 445-454

Non-ionic surfactant and emulsifier

Applications

HLB, hydrophile-lipophile balance; Ph. Eur., European Pharmacopoea.

formulation additives have therefore been extensively studied.
Absorption enhancers can increase permeation of drug molecules
through the barriers of the body, including the nasal epithelium
(Deli, 2009). Surfactants, cationic polymers, cyclodextrins and
many other types of compounds have been applied so far (Alpar
et al., 2005).

Surfactants are solubilising excipients widely used in oral,
injectable and nasal formulations (Davis and Illum, 2003). Non-
ionic surfactants have been shown to be less toxic than ionic
surfactants to biological membranes (Arechabala et al., 1999).
Macrogol-glycerolhydroxystearate 40 (Cremophor RH40) and
polysorbate 80 (Tween 80) are non-ionic solubilising and emulsify-
ing agents (Table 1). These surfactants can be used to increase bio-
availability of drugs by solubilising of poorly soluble compounds,
increasing cell membrane fluidity, or augmenting paracellular
absorption (MacDonald et al., 2010).

Sucrose fatty acid esters are non-ionic surface-active agents
consisting of sucrose as hydrophilic group and fatty acids as lipo-
philic groups (Table 2). Sucrose contains 8 hydroxyl groups, and
it is therefore possible to produce sucrose esters containing from
1 to 8 fatty acid moieties. In sucrose esters, the fatty acids are at-
tached to sucrose, a disaccharide consisting of two monosaccha-
rides, glucose and fructose. The commercial sucrose esters are
mixtures of sucrose esters with various esterification degrees.
Due to their complexity, they exhibit very diverse behaviour, like
the glycerides. Sucrose esters are commonly used in food and cos-
metic industries as emulsifiers, antibacterial agents or crystalliza-
tion inhibitors (Mutoh et al., 2007; Garti et al., 2000). Recently
there has been great interest to use them also in the field of phar-
macy. There are data about the applicability of sucrose esters as
permeation enhancers through the skin (Cséka et al., 2007), and
our group demonstrated that sucrose esters can be successfully
used in hot melt technology (Sztits et al., 2007, 2008). We have re-
cently described an improved dissolution of gemfibrozil from a ter-
nary solid dispersion system containing laurate sucrose ester
(Szfits et al., 2011). Due to their good solubilising properties there
is an interest to use sucrose esters as pharmaceutical excipients for
nasal drug delivery. However there are no data on their toxicity
and effect on human nasal epithelial cells.

The use of cell-based assays is crucial for understanding the tox-
icity and efficacy of excipients (Fernandez Freire et al., 2009). For
the development of relevant strategies to overcome biological bar-
riers and in order to screen the feasibility of the nasal route for sys-
temic delivery, a number of nasal in vitro models have been
developed. Cell culture systems and excised nasal mucosae provide
meaningful in vitro models to study the permeation and metabolic
barrier of the nasal epithelium (Schmidt et al., 1998; Dimova et al.,
2005). The RPMI 2650 cell line originates from an anaplastic nasal
septum tumour and is closely related to normal human nasal
epithelium (Moore and Sandberg, 1964). This immortalised human
cell line has a potential as an in vitro model of the nasal barrier for
testing various drug candidates (Bai et al., 2008).

Our aim was to study the effects of potential innovative
pharmaceutical excipients, laurate and myristate sucrose esters
and reference non-ionic surfactants, Tween 80 and Cremophor
RH40 on cell viability and paracellular permeability of human na-
sal epithelial cells.

2. Materials and methods

All reagents were purchased from Sigma-Aldrich, Hungary, un-
less otherwise indicated. Laurate sucrose ester was of pharmaceu-
tical grade, and myristate sucrose ester of analytical grade
(Mitsubishi Kagaku Foods Co., Japan). Tween 80 and Cremophor
RHA40 (BASF, Germany) were of pharmaceutical grade.
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Table 2
Structure and properties of sucrose esters.

Sucrose fatty acid esters

Chemical structure R-COOCH,

H O-R O-R
Laurate sucrose ester
Trade name Surfhope SE Pharma D-1216 (US DMF)
Fatty acid Lauric acid (C12H2403)
R- (o}

/\/\/\/\/\)KOH

Chemical name

Solubility Soluble in water
HLB 16
Applications

Myristate sucrose ester
Ryoto sugar ester M-1695
Myristic acid (C;4H2503)

(0]
/\/\/\/\/\/\)I\OH
Soluble in water
16

Non-ionic surface-active agents, emulsifiers, antibacterial agents, crystallization inhibitors, permeation enhancers

HLB, hydrophile-lipophile balance; US DMF, US drug master file.

2.1. Cell culture

RPMI 2650 (ATCC cat. no. CCL 30) cells were grown in Eagle’s
minimal essential medium (MEM) supplemented with 10% foetal
bovine serum (FBS) and 50 pg/mL gentamicin in a humidified
37 °C incubator with 5% CO,. The cells were seeded in rat tail col-
lagen (0.05%) coated culture dishes at a density of 5 x 10° cells per
cm? and the medium was changed every 2 days. When RPMI 2650
cells reached approximately 80-90% confluence in the dish they
were trypsinized with 0.05% trypsin-EDTA solution. For the
cytotoxicity assays cells were passaged to 96-well plate, for immu-
nohistochemistry and fluorescent staining cells were cultured on
glass coverslips. For permeability studies cells were cultured in
Transwell filter inserts (polycarbonate membrane, 0.4 pm pore
size, 1.12 cm? surface area, Corning Costar Co., USA). All surfaces
were coated with 0.05% rat tail collagen before cell seeding. For
all types of experiments, including toxicity assays, independent
cell cultures were used for each parameter.

2.2. Electron microscopy

RPMI 2650 cells grown on Transwell filter membrane were fixed
with 3% paraformaldehyde in 0.05 M cacodylate buffer (pH 7.5) for
30 min at 4 °C. After washing with cacodylate buffer several times,
the membranes of the culture inserts with the cells were removed
from their support and placed into 24-well chamber slide and were
postfixed in 1% 0sO4 for 30 min. Following washing with distilled
water, the cells on the membrane were dehydrated in graded etha-
nol, block-stained with 1% uranyl acetate in 50% ethanol for
30 min and embedded in Taab 812 (Taab; Aldermaston, Berks, UK).
Following polymerisation at 60 °C for 12 h, ultrathin sections were
cut perpendicularly for the membrane using a Leica UCT ultramicro-
tome (Leica Microsystems, Milton Keynes, UK) and examined using a
Hitachi 7100 transmission electron microscope (Hitachi Ltd., Japan).
Electron micrographs were made by Megaview II (lower resolution,
Soft Imaging System, Germany). Brightness and contrast were ad-
justed if necessary using Adobe Photoshop CS3 (USA).

2.3. Immunohistochemistry

RPMI 2650 cells cultured on rat tail collagen coated glass cover-
slips and were stained for junctional protein B-catenin. The cul-
tures were washed in phosphate buffered saline (PBS) and fixed
with 4% paraformaldehyde - PBS for 30 min. After washing with
PBS cells were blocked with 3% bovine serum albumin

(BSA) - PBS and incubated with primary antibody anti-p-catenin
(Invitrogen, USA) for 1 h and 30 min. Incubation with secondary
antibody Cy3-labelled anti-rabbit IgG and Hoechst dye 33342 to
stain cell nuclei lasted for 1 h. Between and after incubations cells
were washed three times with PBS. Coverslips were mounted in
Gel Mount (Biomeda, USA) and staining was examined by a Nikon
Eclipse TE2000 fluorescent microscope (Nikon, Japan) and photo-
graphed by a Spot RT digital camera (Diagnostic Instruments, USA).

2.4. Treatments

The doses of laurate and myristate sucrose esters varied be-
tween 0.01 and 3 mg/mL. The reference surfactants Tween 80
and Cremophor RH40 were tested at 1-100 mg/mL concentrations
in culture medium. The stock solutions were made from various
excipients by dissolving them in distilled water.

2.5. Cell cytotoxicity assays

Real-time cell electronic sensing (RT-CES) is a label-free tech-
nique for dynamic monitoring of living cells (Xing et al., 2005;
Xia et al., 2008). This system utilises an electronic readout called
impedance to non-invasively quantify adherens cell proliferation
and viability in real-time. A special 96-well E-plate (Roche, Hun-
gary) contains microelectronic sensor arrays. The interaction be-
tween cells and electrode generates impedance response that
correlates linearly with cell index reflecting cell number, adher-
ence and cell growth (Ozsvari et al., 2010). The E-plate was coated
with 0.2% gelatine - PBS solution for 20 min at 37 °C. Culture med-
ia (80 pL) was added to each well for background readings, than
80 uL cell suspension was dispensed at the density of 6 x 103
cells/well. The cells were kept in incubator at 37 °C for 24 h and
monitored every 5 min. The cell index at each time point was de-
fined as (R, — Rp)/15, where R, is the cell-electrode impedance of
the well when it contains cells and Ry, is the background impedance
of the well with the media alone.

Lactate dehydrogenase (LDH) release, the indicator of cell mem-
brane damage, was determined from culture supernatants by a com-
mercially available kit (Cytotoxicity detection kit LDH, Roche). For
LDH release assay RPMI 2650 cells were cultured in 96-well plates.
After treatments with absorption enhancers 50 pL samples from cul-
ture supernatants were incubated with equal amounts of reaction
mixture for 15 min. The enzyme reaction was stopped by 0.1 M
HCI. Absorbance was measured at a wavelength of 450 nm with a
microplate reader (Fluostar Optima, BMG Labtechnologies,
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Germany). Cytotoxicity is calculated as percentage of the total LDH
release from cells treated by 10 mg/mL Triton X-100 detergent.

Living cells convert the yellow dye 3-(4,5-dimethyltiazol-2-yl)-
2,5- diphenyltetrazolium bromide (MTT) to purple, insoluble for-
mazan crystals. RPMI 2650 cells were cultured in 96-well plates.
After treatments the cells were incubated with 0.5 mg/mL MTT
solution for 3 h in CO, incubator. The amount of formazan crystals
was dissolved in dimethyl-sulfoxide and determined by measuring
absorbance at 570 nm with a microplate reader (Fluostar Optima,
BMG Labtechnologies, Germany).

Viability and nuclear morphology of RPMI 2650 cells were con-
firmed by fluorescent staining. Bis-benzimide (Hoechst dye 33342;
Sigma) labels the nuclei of both viable and dead cells. Ethidium-
homodimer-1 (Molecular Probes, USA) cannot pass through the
plasma membrane of viable cells, therefore only stains dead cells.
Cell layers grown on collagen-coated coverslips were treated with
surfactants for 30 min, then 10 uM bis-benzimide and ethidium-
homodimer-1 was added for another 30 min. At the end of incuba-
tion cells were fixed in 4% paraformaldehyde in PBS for 30 min,
washed three times in PBS, mounted, and analysed using a fluores-
cent microscope (Nikon Eclipse TE2000, Japan) and photographed
by a Spot RT digital camera (Diagnostic Instruments, USA).

2.6. Measurement of transepithelial electrical resistance (TEER)

Transepithelial electrical resistance (TEER), representing the
permeability of tight junctions for sodium ions in culture condi-
tions, was measured by an EVOM resistance metre (World Preci-
sion Instruments Inc., USA) using STX-2 electrodes, and it was
expressed relative to the surface area of epithelial layers
(© x cm?). The TEER of nasal epithelial cell layers varied between
110 and 140 Q x cm?. RT-CES made it also possible to monitor
the TEER changes after treatments with pharmaceutical excipients.
Before treatment the cell layers had reached an equilibrium phase
and their TEER values were around 150 Q measured by the xCelli-
gence system. TEER values (R,,) were calculated from cell index and
background impedance by the following equation:

Rn(Q) = (cell index x 15) + Ry

2.7. Paracellular permeability experiments

The flux of fluorescein isothiocyanate labelled dextran (FITC-dex-
tran, mw: 4.4 kDa) across epithelial cell layers was determined in
permeability studies. RPMI 2650 cells were seeded onto Transwell
filter inserts and grown for 2 days. The inserts were transferred to
12-well plates containing 1.5 mL Ringer-Hepes solution (118 mM
Nacl, 4.8 mM KCl, 2.5 mM CaCl,, 1.2 mM MgS0,, 5.5 mM D-glucose,
20 mM Hepes, pH 7.4) in the basolateral compartments. In apical
chambers culture medium was replaced by 500 uL Ringer-Hepes
containing 100 pg/mL FITC-dextran and selected concentrations of
surfactants. The plates were kept in a 37 °C incubator with 5% CO,
for 1 h on a rocking platform. After incubation the concentrations
of the marker molecule in samples from the apical and basolateral
compartments were determined by a fluorescent microplate reader
(Fluostar Optima, BMG Labtechnologies, Germany; emission:
485 nm, excitation: 520 nm). Flux across cell-free inserts was also
measured. The apparent permeability coefficient (P,pp) was calcu-
lated. Cleared volume was calculated from the concentration differ-
ence of the tracer in the abluminal compartment (A[C]a) after 1 h
and luminal compartments at 0 h ([C].), the volume of the abluminal
compartment (V,; 1.5 mL) and the surface area available for perme-
ability (A; 1.12 cm?) by the following equation:

AlQ, < V.
Papp(cm/s) =z x[ [}c/:\]LX AT

2.8. Statistical analysis

All data presented are means # S.D. The values were compared
using the analysis of variance followed by Dunnett tests using
GraphPad Prism 5.0 software (GraphPad Software Inc., USA).
Changes were considered statistically significant at P < 0.05. All
independent experiments were repeated at least three times, the
number of parallel samples within assays varied between 4 and
12. Inter-assay precision was calculated for all types of assays,
and the coefficients of variation (CV%) were below 15%.

3. Results
3.1. Characteristics of the RPMI 2650 cell culture model

Confluent layers of RPMI 2650 human nasal epithelial cells were
obtained on collagen-coated surfaces. According to phase contrast
microscopy and electron microscopy RPMI 2650 cells grew in
mono- or multilayers (Fig. 1). A cubic and polarised cell morphol-
ogy, microvilli on the apical surface, could be observed. Healthy,
intact cell constituents, like mitochondria, endoplasmic reticulum
and large cell nuclei with few cytoplasm were visualised by elec-
tron microscopy. These characteristics are typical for epithelial
cells in vivo as well. Intercellular junctions play an important role
in barrier function of the cell layers. Tight intercellular junctions
were visualised by electron microscopy (Fig. 1C). By immunofluo-
rescent microscopy adherens junction protein B-catenin was de-
tected on the border of cells (Fig. 1B). Faint cytoplasmic staining
was also visible in agreement with the known signalling mecha-
nism of this protein. Besides morphological investigations the
presence of nasal barrier was confirmed by functional measure-
ments as well. The transepithelial electric resistance values of the
confluent cell layers were around 150-200 Q. The apparent perme-
ability coefficient of RPMI 2650 cell layers for paracellular marker
4.4 kDa FITC-dextran was 9.68 + 0.49 x 10~% cm/s.

3.2. Effects of sucrose esters and reference surfactants on RPMI 2650
cell viability

The toxicity of surfactants on RPMI 2650 cells was tested by
RT-CES method. Laurate and myristate sucrose esters at 0.1 mg/
mL concentrations did not reduce cell index reflecting cell viability
significantly, but had a profound effect in concentrations higher
than 0.1 mg/mL after 1-h treatment (Fig. 2A). Tween 80 had no
influence on the cell index after 1-h treatment at 1 mg/mL, but de-
creased the cell index below 50% at 10 mg/mL concentration
(Fig. 2B). After 1-h treatment none of the studied concentrations
of Cremophor RH40 (1, 10, 50 mg/mL) caused alteration in cell in-
dex, indicating no cell damage. Our toxicity control, TritonX-100
caused 90% reduction in cell index values. This drastic reduction
indicates cellular death (Fig. 2), in agreement with MTT and LDH
release data.

The effect of surfactants on the plasma membrane integrity of
RPMI 2650 cells were determined by LDH release and on epithelial
cell viability by MTT dye conversion assay (Fig. 3). The release of
LDH from RPMI 2650 cells into the extracellular space increased
significantly in a dose-dependent way in cultures treated with
0.3 mg/mL and higher concentrations of laurate and 0.1 mg/mL
and higher concentrations of myristate sucrose esters (Fig. 3A
and B). A maximal LDH release indicating 100% toxicity was ob-
served for both sucrose esters at 1 mg/mL dose comparable to
the effect of 10 mg/mL Triton X-100. The reference surfactants
Tween 80, Cremophor RH40 were non-toxic for RPMI 2650 cells
under 10 mg/mL concentration for 1 h treatment period (Table 3).
The 4-h MTT dye conversion cell viability test, reflecting intracellu-
lar enzyme activities, and endo- and exocytosis, proved to be more
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Fig. 1. Morphological characterisation of RPMI 2650 human nasal epithelial cell line. Phase contrast microscopic image of the cells (A; bar: 25 pm) and confocal microscopic
image of B-catenin immunostaining (B; bar: 10 um) show cobble-stone, epithelial morphology. Electron microscopic image of RPMI 2650 cells where arrows indicate tight
intercellular junctions (C) (N, nucleus; M, mitochondrion; ER, endoplasmatic reticulum; TJ, tight junction; V, microvilli; bar: 250 nm).
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Fig. 2. Changes in cell index indicating viability of RPMI 2650 cells after 1-h
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n =4 parallel samples. C, control; CR, Cremophor RH40; TW, Tween 80; L, laurate
sucrose ester; M, myristate sucrose ester; TX, TritonX-100.

sensitive than the LDH release assay. Sucrose esters over 0.1 mg/
mL concentration significantly reduced the viability of RPMI 2650
cells in a dose-dependent way (Fig. 3C and D). In agreement with

the findings measured by LDH release, a complete loss of cell via-
bility could be detected at sucrose ester doses higher than 0.3 mg/
mL, comparable to the effect of the toxicity control. In these exper-
iments reference surfactants were toxic over 3 mg/mL concentra-
tion (Table 3).

Besides functional tests the toxicity of excipients was proved by
morphological methods as well. The double fluorescent staining of
nasal epithelial cell nuclei was performed after 1-h treatment of
the cells with surfactants (Fig. 4). In agreement with the results
of other viability assays, the toxicity of 1 mg/mL sucrose esters
and 5 mg/mL Tween 80 was confirmed, while at lower concentra-
tions no sign of cytotoxicity was detected on RPMI 2650 cells
(Fig. 4). Cremophor RH40 at both 1 and 5 mg/mL concentrations
had negligible effect on cell viability.

Results from the toxicity assays on RPMI 2650 cells for all four
excipients are summarised in Table 3. The non-toxic concentra-
tions of sucrose esters as compared to Tween 80 and Cremophor
RH40 were at least one order of magnitude higher. We could con-
firm with the cell electric sensing method, that the non-toxic dose
of laurate sucrose ester was still safe after 24-h treatment period,
while the non-toxic dose of Cremophor RH40 has drastically
dropped to 1 mg/mL at 24 h as compared to previous time-points.

3.3. Effects of sucrose esters and reference surfactants on epithelial
barrier integrity

Sucrose esters elicited dose-dependent TEER changes (Fig. 5A
and B). At 0.1 mg/mL concentrations both laurate and myristate su-
crose esters led to a significant and transient TEER decrease, while
0.3 mg/mL and higher concentrations caused an irreversible drop
of TEER. Tween 80 at 10 mg/mL dose also resulted in a significant
TEER decrease, while the smaller concentration, similarly to 1
and 10 mg/mL concentration of Cremophor RH40 did not cause
changes as compared to control group.

By treating the confluent layers of RPMI 2650 epithelial cells
with previously determined safe, non-toxic concentrations of var-
ious surfactants, permeability experiments with FITC-dextran, a
hydrophilic paracellular marker with an average molecular weight
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Fig. 3. Toxicity of sucrose esters on RPMI 2650 cells after 1-h treatment measured by LDH release assay (A and B) and after 4-h treatment measured by MTT reduction assay
(C and D). a: significantly different as compared to control group. All values presented are means + S.D., three independent experiments with at least eight parallel samples,

p <0.05. LDH, lactate dehydrogenase; MTT, 3-(4,5-dimethyltiazol-2-yl)-2,5-diphenyltetrazolium bromide; TX, TritonX-100. Inter-assay coefficients of variation between the
independent experiments: <10%.

of 4.4 kDa, the size of a peptide were performed. Laurate sucrose permeability coefficient of FITC-dextran was increased by 50% in
ester increased significantly the permeability of RPMI 2650 cell agreement with TEER results.
layers in a concentration-dependent manner (Fig. 6A). After 1-h Comparing the effects of sucrose esters and the reference sur-

treatment with 0.1 mg/mL laurate sucrose ester the apparent factants on the permeability for the marker molecule across

Table 3
Comparison of cellular toxicity of surfactants measured by different methods (concentrations in mg/mL).
Surfactant RT-CES LDH release assay 1 h MTT reduction assay 4 h Nucleus
1h 4h 24h staining® 1 h
TD TD TD TD TD TD TD TD TD TD
0 mg/mL 0 mg/mL 0 mg/mL 0 mg/mL 50 mg/mL 100 mg/mL 0 mg/mL 50 mg/mL 100 mg/mL 0 mg/mL
Laurate SE 0.10 0.10 0.10 0.10 0.20 0.30 0.10 0.20 1.00 <1.00
Myristate SE 0.10 0.10 <0.10 0.03 0.10 1.00 0.10 0.20 1.00 <1.00
™ 1.00 1.00 <1.00 10.00 >100.0 >100.00 3.00 >100.0 >100.00 <5.00
CR >50.00 >50.00 1.00 10.00 >100.0 >100.00 3.00 60.00 >100.00 >5.00

For all types of toxicity assays independent cell cultures were used for each parameter. All independent experiments were repeated at least three times, the number of
parallel samples within assays varied between 4 and 12. Inter-assay precision was calculated for all types of assays, and the coefficients of variation (CV%) were below 15%.
CR, Cremophor RH40, LDH, lactate dehydrogenase; MTT, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide; RT-CES, real-time cell electric sensing; SE, sucrose
ester; TD 0, non-toxic dose; TD 50, dose causing 50% cellular toxicity; TD 100, dose causing 100% cellular toxicity; TW, Tween 80.

2 Nucleus staining was done by fluorescent dyes bis-benzimide and ethidium-homodimer-1 (see Fig. 4).
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Fig. 4. Double fluorescent staining of nuclei of RPMI 2650 cells shows the cytotoxicity of excipients after 1-h treatment. Blue colour indicates cell nuclei of living and dead
cells, red colour indicates cell nuclei of dead cells. C, control; CR, Cremophor RH40; L, laurate sucrose ester; M, myristate sucrose ester; TW, Tween 80; TX, TritonX-100. Bar:
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Fig. 5. Kinetics of the changes in transepithelial resistance of RPMI 2650 cells after treatment with surfactants. Broken line at 0 min indicates the onset of treatment. Data are
presented as mean, n = 4. C, control; TEER, transepithelial electric resistance.

epithelial cell layers, the same, non-toxic concentration of 0.1 mg/
mL was chosen for all compounds. All excipients increased signif-

icantly the epithelial paracellular permeability; the largest increase
was seen in case of laurate sucrose ester, the P,,, values were
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Fig. 6. The effect of non-toxic doses (0.01, 0.03, 0.1 mg/mL) of laurate sucrose ester
(A) and of excipients applied in the same concentration of 0.1 mg/mL (B) on the
apparent permeability coefficients of FITC-dextran on confluent RPMI 2650 cell
layers. a: significantly different as compared to control group, p < 0.05. Data are
presented as mean + S.D., n = 3. C, control; CR, Cremophor RH40; L; laurate surose
ester; M, myristate sucrose ester; TW, Tween 80; P,,, apparent permeability
coefficient.

elevated from 9.68 +0.49 x 10 ®cm/s to 1.39+0.09 x 10~ cm/s
after 1-h treatment (Fig. 6B).

4. Discussion
4.1. In vitro cell culture model of the nasal barrier

Due to the importance of systemic nasal drug delivery there is a
need for cell culture models of the human nasal barrier for testing
various compounds for toxicity and permeability. The properties of
such in vitro systems need to be compared with in vivo circum-
stances. Primary nasal cell cultures show several in vivo epithelial
characteristics including proper cell differentiation, presence of
apical cilia, confluent mono- or multilayer formation, production
of mucoid materials and presence of intercellular junctions (Wer-
ner and Kissel, 1996). However, primary cell cultures used for
transport studies have considerable limitations such as sterility,
the short lifetime of cells, the low reproducibility and high cost
(Kissel and Werner, 1998; Werner and Kissel, 1996; Lin et al,,
2005). One of the possible solutions for these problems could be
the use of in vitro immortalised cell lines.

The culture conditions and applicability of RPMI 2650 cells as
an epithelial model are contradictory in the literature. De Fraissi-
nette et al. (1995) discussed the limits of the use of this cell line
as an in vitro nasal model for drug absorption. In their experiments
RPMI 2650 cells formed cell clusters on filters, although they also
had tendency to spread in a cell layer. The cells never showed cell
polarisation, nor microvilli or tight junctions, and were not able to
form tight cell layers. In another study RPMI 2650 cells grew in

multilayers, typical for the nasal epithelium, but cell polarisation
and differentiation could not be detected (Schmidt et al., 1998).
In contrast to the above mentioned studies, using different culture
conditions including air-liquid interface RPMI 2650 cells formed
layers suitable for permeability assays (Bai et al., 2008; Wengst
and Reichl, 2010).

In our experiments RPMI 2650 cells grew as mono- or multilay-
ers and reached confluence in liquid-liquid interface culture condi-
tion. The presence of intercellular junctions was confirmed by
electron and immunofluorescent microscopy. Besides morphologi-
cal investigations the functional properties of the nasal epithelial
barrier such as resistance and paracellular permeability were also
proved. Our data are in agreement with results from in vivo and
other in vitro models (Schmidt et al., 1998). Advantages of the pre-
sented in vitro nasal system includes simplicity of culture, repro-
ducibility, suitability for permeability studies and RT-CES. RPMI
2650 cells model the respiratory zone of the human nasal epithe-
lium which is the most important absorption surface for nasally
administered drugs to the systemic circulation. The absence of cilia
and air-liquid interface can be considered as limitations of this na-
sal model. The presented data support that RPMI 2650 cells can be
successfully used to establish an in vitro model of the nasal barrier
and to test toxicity and epithelial permeability.

4.2. Cytotoxicity of sucrose esters and reference surfactants

Sucrose esters are widely used in cosmetic and food industry.
Due to their advantageous properties as emulsifiers, solubilizers
and permeation enhancers, the potential of sucrose esters to be
used as pharmaceutical excipients has been investigated recently
(Cséka et al., 2007; Sziits et al., 2007, 2008, 2011). The applicability
of surface active agents as permeability enhancers is limited by
their toxicity (Deli, 2009), therefore it is essential to determine
their safe, non-toxic concentrations.

The toxicity of sucrose esters was tested for the first time in an
in vitro model of the nasal barrier. Four different independent
methods were used to measure cell viability, a label-free, real-time
cell electric sensing technique, two colorimetric methods, LDH re-
lease and MTT conversion tests, and finally a morphological meth-
od, cell nucleus staining. Colorimetric methods are advisable only
for the preliminary phase of a cell death study (Weyermann
et al., 2005; Galluzzi et al., 2009; Fernandez Freire et al., 2009).
These assays suffer from several drawbacks, first, they are endpoint
determinations, second, higher concentrations of excipients may
interfere with the detection method (Weyermann et al., 2005). In
our experiments the highest non-toxic concentrations of reference
surfactants were determined by the 1-h LDH assay. This result
might be due either to the interference of these excipients with
the enzyme reaction or to their inability to affect cellular plasma
membrane. The 4-h MTT test was more sensitive, and lower con-
centrations of excipients were found non-toxic. The increased sen-
sitivity might be related not only to the longer assay time but also
to the higher complexity of the MTT reduction where several cellu-
lar processes, mitochondrial and cytoplasmic enzyme activity,
endo- and exocytosis are involved (Liu et al., 1997). The nucleus
staining method was suitable for the morphological confirmation
of the toxic concentrations of the excipients, but could not provide
kinetic data and exact determination of the non-toxic, 50% or 100%
toxic doses.

Due to the limitations mentioned above we have used a techno-
logical approach that provides kinetic measurement in cell-based
assays (Ozsvari et al., 2010). The real-time cell electric sensing
technology monitors cell viability status in a simple homogeneous
assay format over a broad time frame, from minutes to several
days. It is a non-invasive, highly sensitive measurement and has
a reduced interference with normal cell function (Solly et al.,
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2004; Boyd et al., 2008). This method was the most sensitive to
determine the safe concentrations of the excipients at different
incubation times. It is noteworthy that the difference between
the non-toxic concentrations of sucrose esters and reference mol-
ecules dropped drastically after 24-h treatment. The epithelial cell
viability at non-toxic sucrose esters doses remained constant. In
contrast the toxicity of Cremophor RH40 and Tween 80 increased
over time, which might indicate in vivo toxicity after longer
treatment.

By applying various toxicity assays our results indicate that su-
crose esters were more toxic than reference surfactants, especially
for shorter incubation times. However, this difference significantly
decreased when cells were examined with real-time monitoring
for 24 h. In oral preparations the cellular toxicity of excipients
can be diminished by dilution in the gastrointestinal fluids, but
in the nasal mucous membrane, considerable dilution cannot be
expected and the mucosa is more sensitive. Therefore, the safe con-
centrations of excipients determined by cellular assays need to be
taken into consideration at the formulation process of nasal
vehicles.

4.3. Sucrose esters as potential permeability enhancers

Real-time electric sensing provided quantitative information
about the biological status of RPMI 2650 human nasal epithelial
cells, including cell number, viability, and adherence indicating
paracellular permeability. Sucrose esters had a dose-dependent ef-
fect on epithelial permeability in non-toxic concentration range. A
transient effect on the resistance of RPMI 2650 cell layers has been
observed, which was unique for sucrose esters. Although these no-
vel excipients were not found to be more effective permeability
enhancers than the reference compounds, their effect on paracellu-
lar permeability of cultured human epithelial cells have been dem-
onstrated for the first time. The increase in paracellular
permeability elicited by the non-toxic concentrations of sucrose
esters might be related to their effect on intercellular junctions.
No LDH release was detected at these concentrations indicating
an intact plasma membrane integrity. While in vitro cytotoxicity
correlated with the paracellular permeability on Caco-2 cells (Kon-
soula and Barile, 2005), in case of the tested excipients effects on
paracellular permeability were seen at non-toxic concentrations.
To reveal the mechanism of action of sucrose esters further exper-
iments are necessary.

5. Conclusions

As a summary of our work, we can conclude that (i) several
methods are needed to determine the cytotoxicity and the safe
dose of surface active pharmaceutical excipients including real-
time cell analysis; (ii) although the safe, non-toxic doses of sucrose
esters that can be applied to cultured cells are lower than those of
Tween 80 and Cremophor RH40, they remain constant with longer
incubation time; (iii) due to their effect on epithelial resistance and
permeability, sucrose esters have a potential to be applied as
excipients in nasal formulations.
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