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”Det vill gärna bli bra det jag gör.” 
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1. Introduction to nasal powder sprays 

Why nasal administration and why, if you are not a drug addict, would you 
want to have powder up your nose? This may seem a good question and in 
the end it is of course a matter of taste –perhaps literally, as will be discussed 
later. This thesis concerns the nasal administration of systemically active 
drugs and the development of a nasal powder formulation with the objective 
of improving drug delivery. Nasal powders can also be used for local treat-
ment of nasal congestion or allergic rhinitis; the only nasal powder formula-
tion currently sold in Swedish pharmacies, Rhinocort® Turbuhaler®, is in fact 
a corticosteroid for the treatment of rhinitis. The nasal formulations intended 
for systemic effect are all liquid sprays; we have, for example, the antimi-
graine drugs Imigran® and Zomig® and peptide hormone analogues such as 
oxytocin and desmopressin. The reasons for administering these drugs via 
the nasal route will be examined later, as will the possibilities of improving 
administration by using a powder spray. However, to facilitate these discus-
sions, some fundamental concepts are introduced first.      

1.1. Physiological aspects 
The main functions of the nose are olfaction and the conditioning of inspired 
air. The physiology of the nose is well suited for these purposes; the nasal 
cavity contains turbinates comprising a surface area of 150-180 cm2 but al-
lowing only a narrow pathway for the inspired air [1] (Figure 1). Inhaled 
particles larger than 10 μm are thus efficiently kept in the nose [2] at the 
same time as the air is heated and moistened. 

Three types of mucosa cover the surface of the nasal cavity. The stratified 
squamous epithelium is found in close proximity to the nostrils and gradu-
ally transforms into a pseudostratified columnar epithelium, which covers 
most of the nasal cavity. The olfactory epithelium is situated in the upper 
posterior part of the nasal cavity (Figure 1) and covers approximately 10 cm2 
of the human nasal cavity; in comparison, the olfactory mucosa in rodents 
constitutes about 50% of the nasal cavity [3].  

The pseudostratified columnar epithelium of the respiratory nasal mucosa 
consists of a single layer of four main cell types: ciliated and nonciliated 
columnar cells, basal cells and goblet cells (Figure 1). The cells are covered 
by microvilli. Many, especially those in the posterior half of the nasal cavity, 
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also have approximately 200 5 μm long cilia [1, 4], whose synchronised 
movements enable mucociliary clearance of unwanted particles from the 
nose. The epithelial cells are covered by a layer of mucus, which is thought 
to consist of two distinct layers, each approximately 5 μm in depth [5, 6]. 
The cilia move in the low viscosity layer and as they project into the upper 
gel layer they push the mucus back to the nasopharynx at a speed of 3-
25 mm/min [1]. The mucus, produced by the submucosal glands and goblet 
cells, is composed of >90% water, 0.5-5% mucins (mucous glycoproteins), 
1-2% salts and 0.5-1% free proteins [2, 7]. The mucosa is slightly acidic (pH 
5.5-6.5), which is thought to be important for its antibacterial properties [2]. 

The epithelial cells are secured in the basement membrane, a layer of col-
lagen fibrils. The submucosa, which is highly vascularised and thus plays an 
important role in the systemic absorption of drugs, is situated under the 
basement membrane. The passive absorption of large, hydrophilic molecules 
is likely achieved paracellularly, as opposed to more lipophilic molecules 
which may diffuse through the cells. Paracellular absorption is limited by the 
tight junctions connecting the epithelial cells on the apical side (Figure 1). 
The nasal mucosa is relatively permeable to drug molecules; the extent of 
absorption is lower than that from the lung [8] but in the same order as that 
from the small intestine [8, 9]. Absorption has been shown to decrease sig-
nificantly with size for hydrophilic molecules weighing more than 300 Da 
[9] and is in general restricted for molecules weighing more than 1 000 Da 
[9, 10]. Absorption across the nasal mucosa can be further restricted by en-
zymatic degradation. The metabolic capacity is considered to be rather high 
[11], especially in the olfactory mucosa [11, 12]. It may be of consequence 
for the delivery of peptides and proteins, but fast absorption and high local 
concentration of the compound will decrease the risk of metabolism [11].   

 
Figure 1. A sagittal view of the human nasal cavity and a schematic drawing of the 
nasal respiratory epithelium with mucus. The specific elements shown are: The 
approximate place of the olfactory epithelium (Olf), the superior turbinate (ST), 
middle turbinate (MT) and inferior turbinate (IT) and to the right a ciliated columnar 
cell (CC), basal cell (BC), goblet cell (GC), nonciliated columnar cell (NC), tight 
junctions (TJ) and mucus layer (ML). A comparison can be made with the frontal 
section of the porcine snout shown in Figure 13. 
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1.2. Mucoadhesion 
When administering drugs to mucosal tissues, such as in the nasal cavity, it 
is helpful if the formulation stays in the right place long enough for the drug 
to be absorbed across the mucosa. It may, therefore, be beneficial to use a 
mucoadhesive agent in the formulation to achieve sufficient residence time.  

Mucoadhesion, as the word suggests, refers to adhesion of matter to a 
mucus layer for an extended period of time [13]. A mucoadhesive agent is 
thus a substance that adheres to mucus. The term bioadhesion is less specific 
and can be used to denote adhesion to any biological surface [13-15].  

Mucoadhesive agents are usually polymers containing hydrogen bonding 
groups that can be used in wet formulations or, as in this thesis, in dry pow-
ders. The mechanisms behind mucoadhesion have not yet been fully eluci-
dated, but a theory that has stuck is that close contact must first be estab-
lished between the mucoadhesive agent and the mucus, followed by inter-
penetration of the mucoadhesive polymer and the mucin and finishing with 
the formation of entanglements and chemical bonds between the macro-
molecules [14]. In the case of a dry polymer powder, the initial adhesion is 
most likely achieved by water movement from the mucosa into the formula-
tion [15], which has also been shown to lead to dehydration and strengthen-
ing of the mucus layer [16]. The subsequent formation of van der Waals, 
hydrogen and, in the case of a positively charged polymer, electrostatic 
bonds between the mucins and the hydrated polymer promotes prolonged 
adhesion. 

A predicament with trying to increase the contact time by adhesion to 
mucus is that the residence time of the mucus itself is limited by mucociliary 
clearance. The normal transit time of a particle deposited on top of the nasal 
mucus layer is approximately 12-15 min [17]. However, dehydration of the 
mucus layer on contact with the mucoadhesive powder will increase the 
mucus viscosity and subsequently decelerate its clearance [18, 19]. Dry 
powder formulations should hence be especially well suited for nasal ad-
ministration as increased mucus viscosity would lower the normal require-
ments for the formation of secondary chemical bonds in order to prolong 
residence time.   
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1.3. Interactive mixtures 
The concept of an “interactive mixture” is central to this thesis. Before con-
tinuing with further discussions about nasal administration, we will therefore 
linger a while in the literally dry world of powder technology.  

1.3.1. Definitions 
A powder is an assembly of particles dispersed in air. The diameter of the 
powder particles is generally below 1 000 μm, if larger conglomerates are 
not formed by granulation. A powder with good flowability contains free-
flowing primary particles whereas the particles in a cohesive powder are 
more likely to stick together to form loose agglomerates or harder aggre-
gates. Cohesion is caused by a combination of mechanical, electrostatic, 
molecular and surface tension forces and is consequently not only dependent 
on the particle size. Powder particles below 100 μm in diameter have been 
shown empirically to be more cohesive than larger particles, although parti-
cles half this size or less can also be noncohesive [20, 21].     

A random mixture can be obtained if two free-flowing powders of ap-
proximately the same particle size, density and shape are mixed (Figure 2a). 
Travers and White [22] were the first to report that another type of mixture 
resulted from mixing a free-flowing powder with a micronised cohesive 
powder where the latter appeared to adhere to the surface of the larger parti-
cles. Hersey [23] later introduced the term “ordered mixture” to denote a 
completely homogeneous mixture where the two components adhere to each 
other to form ordered units. The concept of ordered mixing became a hot 
topic during the late 1970s and 1980s with numerous articles published on 
the subject. The disorder in the nomenclature of the mixtures was noted by 
Egermann [24]; the terms interactive mixture [25] or adhesive mixture [26] 
were later suggested to represent a mixture where a certain degree of disor-
der is allowed because a different number of fine particles can be attached to 
each carrier particle, as shown in Figure 2b. Furthermore, the particles in the 
two powders do not need to be monodispersed. This terminology describes a 
more realistic situation than the complete homogeneity of the ordered mix-
ture. Nonetheless, even though an interactive mixture allows some degree of 
disorder, it still represents an ideal state. Further disorder in the mixture may 
be caused by segregation of the interactive units [27]. Staniforth [28] sug-
gested that the term “total mixing” could be used to describe the process 
resulting in a randomised mixture of carrier particles, agglomerates of fine 
particles and interactive units.      
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Figure 2. The schematic formation of a random mixture (A) and an interactive mix-
ture (B) by dry mixing two powder materials.   

1.3.2. Formation  
The formation of interactive mixtures cannot automatically be assumed, 
especially if smaller carrier particles [29] or a greater proportion of fine par-
ticles [30, 31] are used. If an interactive mixture is to be formed, it is neces-
sary that enough force is exerted by the carrier particles during dry mixing to 
break up the aggregates formed by the fine particles. Adhesion can then be 
achieved if the adhesive forces exceed the gravitational forces that otherwise 
lead to separation of the constituents. The movement of the carrier particles 
during mixing has been compared with that of balls in a ball mill [32]. Large 
(generally >200 μm in diameter), dense particles with good flowability are 
consequently well suited as carrier particles. The deagglomeration of the fine 
particles will be the rate limiting step in the formation of an interactive mix-
ture; prolonged mixing times are thus likely needed when using smaller or 
lighter carrier particles [29, 33], or smaller more cohesive adherent particles 
[21, 34]. Mixing times of 1 000 min may well be required [35, 36], but can 
be reduced with larger batch sizes for large scale production runs [33]. 

The main initial driving forces for adhesion of fine particles onto the car-
riers are electrostatic forces [37]. Once close contact has been established, 
stronger adhesion of the fine particles can be achieved by the formation of 
van der Waals bonds [38, 39]. Capillary forces can take over as the predomi-
nant adhesive force at high humidity [39], with resultant stronger adhesion 
possible even after the mixture has been restored to low RH [40, 41]. The 
fine particles are thought to adhere especially well to so-called “active” sites 
on the carrier particles. The number of active sites has been associated with 
surface rugosity and the more extensive binding to large carrier particles 
than to smaller particles despite their lower total surface area [42, 43].  

1.3.3. Characterisation 
Several methods have been employed to establish whether an interactive 
mixture has been achieved. These include qualitative determination by visual 
inspection using scanning electron microscopy (SEM) or X-ray microanaly-
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sis [30, 44] and quantitative evaluation using sieve tests [35, 36] or meas-
urement of the mixture homogeneity [32, 45, 46]. The adhesive strengths 
have been determined by ultracentrifugation [30, 47] and atomic force mi-
croscopy [48].  

The homogeneity of a powder mixture can be described as the relative 
standard deviation or coefficient of variation (CV) of the amount of drug in a 
collection of powder samples [49]. The homogeneity of an ordered mixture 
is independent of the size of the sample extracted from the powder mixture 
as long as it exceeds the size of an ordered unit, i.e., CV = 0 [32]. This is in 
contrast to the homogeneity of random or interactive mixtures, for which the 
measured homogeneity will increase with increasing sample size since more 
particles are extracted from the mixture. The theoretical homogeneity of 
random or interactive mixtures can be calculated using mathematical equa-
tions. Comparisons between these theoretical values and the measured CV 
from different sample sizes can then be used to distinguish between mixture 
types. Equations for the theoretical homogeneities of random or interactive 
mixtures and the use thereof are further described in Section 3.2.1.   

1.3.4. Applications 
The concept of interactive mixtures has often been applied for direct com-
pression vehicles [45, 50], the development of low dose tablet formulations 
[46] and enhancing the dissolution of poorly soluble drugs [51, 52]. Interac-
tive mixtures have also been used to make inert carrier particles mucoadhe-
sive [53]. One of the main applications is in the field of inhalation therapy, 
where the concept has been used in the development of alternatives to pres-
surised metered dose inhalers.  

The objective of using interactive mixtures in inhalation therapy is to in-
crease the fine particle fraction (FPF), i.e., the fraction of the fine drug parti-
cles that reaches the lower respiratory tract. Particles between 1-5 μm have 
the potential of reaching the lung, but are also very cohesive because of the 
fine particle size. An interactive mixture could increase the FPF by prevent-
ing aggregation of the drug particles and adhesion to the surfaces of the inha-
lation device. However, this requires that the adhesive forces between the 
drug and carrier particles are not too strong. A test of commercial inhalation 
devices containing interactive mixtures revealed that only 20-30% of the 
dose would reach the lower respiratory tract [54]. Several studies, most of 
which used lactose as the carrier particle, have thus been conducted in order 
to understand and optimise the interactive forces. Attempts have, for exam-
ple, been made to increase the FPF by using smaller carrier particles [55-57].  

The success rate for mixtures used for inhalation therapy is usually meas-
ured as their ability to deliver the FPF. The characterisation of the mixture 
itself has, as a consequence, been less than thorough and the mixing times 
have been kept short to decrease the risk of over-strong adhesion to active 
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sites on the carrier particle [58]. The practices of taking large powder sam-
ples, of taking too few samples and of making mixtures with a high drug 
content can result in low CV values even if an interactive mixture has not 
been formed [31]. This may merely be of terminological importance in inha-
lation therapy, but it may be difficult to draw conclusions regarding the ac-
tual effect of an interactive mixture when the characterisation of mixtures for 
other purposes, such as dissolution enhancement, is also insufficient.  

1.4. Superdisintegrants 
Superdisintegrants are commonly used in tablets and capsules to decrease 
their disintegration time in the gastro-intestinal tract. The Swedish term “su-
persprängmedel”, i.e., super-explosive, is vividly descriptive. The excipient 
should cause rapid disintegration of the solid formulation by quickly draw-
ing water into it. The disintegration may be helped further by swelling of the 
disintegrant.  

Three superdisintegrants are discussed in this thesis: sodium starch glyco-
late (SSG), croscarmellose sodium (CCS) and crospovidone (CPP) (Figure 
3). In their dry powder forms, SSG particles are smooth and egg-shaped, 
CCS particles are elongated and fibrous and CPP particles are raisin-shaped; 
CPP particles flow relatively poorly compared with the others. SSG and 
CCS both form anionic hydrogels on contact with water; the charged groups 
on the polymer chains (Figure 3) repel each other and this, along with the 
effects of osmosis, results in swelling of the gel. The semisolid gel particles 
that are formed are mainly composed of water, stabilised by the polymer 
network. SSG has an extensive capacity for absorbing water and can swell 
up to 300 times its original volume [59] (Figure 3). However, the swelling 
effect will not be quite as marked in a salt solution because the repelling 
charges are shielded. CPP differs somewhat from the other two superdisinte-
grants in that it is nonionic and does not swell so markedly upon hydration.      
 

 
Figure 3.  The molecular structure of SSG (A), CPP (B), CCS (C) and PPS (D). 
(Derived from Rowe el al. [59].) The swelling of SSG in water is shown to the right 
as a micrograph of the same particle before and after the addition of a drop of deion-
ised water. The resulting gel particle has been made darker to increase its visibility 
as it mainly consists of water. The scale bar represents 100 μm.  
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SSG is prepared either by chemical crosslinking and substitution by car-
boxymethylation of starch through a reaction with sodium chloroacetate 
(Williamson ether synthesis) (Type A and B: e.g. Primojel® and Explotab®) 
or crosslinking by physical dehydration after the substitution (Type C: e.g. 
Vivastar P) [59]. The unsubstituted starch form shown in Figure 3d can also 
be used as a disintegrant but is not a superdisintegrant because of its less 
extensive swelling capacity. The different manufacturing methods result in 
differences in the amounts of by-products such as sodium chloride and so-
dium glycolate. Most NaCl has been shown to be present on the surface of 
the particles of the SSG brand Primojel®[60] and the amount of salt may 
therefore also depend on the size fraction of the powder used. Information on 
the exact composition of or batch-to-batch variations in pharmaceutical ex-
cipients is generally lacking. A salt content of up to 7% is approved for SSG 
[59], but it should be limited to 4% [61]. The degree of crosslinking of Pri-
mojel® has been reported to be 100% and the degree of substitution 27% 
[61].  

The capacity of SSG to absorb water makes it a plausible mucoadhesive 
agent for dry formulations and its natural particle size of around 40 μm is 
suitable for nasal administration. SSG forms a slightly acidic gel (pH 6) [59], 
which matches the pH of the nasal mucosa [2]. The excipient has also previ-
ously been used by one research group to increase the dissolution of poorly 
soluble drugs [62, 63], which indicates that it has a good deagglomeration 
capacity.   
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1.5. Nasal drug delivery 
Let us return to the question we started with: why nasal administration? Be-
cause of the physiological features described under Section 1.1, nasal ad-
ministration offers a way of achieving faster, more extensive absorption of 
some drugs than, for example, oral administration. A molecule can quickly 
be transferred across the thin epithelial cell layer to the systemic blood circu-
lation from the well vascularised submucosa without first-pass hepatic and 
intestinal metabolism. The effect is often reached within 5 min for smaller 
drug molecules. Complete bioavailability, i.e., the same as after the intrave-
nous infusion, was reported for the low molecular weight drug propranolol 
in one of the first studies on systemic absorption after nasal administration to 
humans [64], while the bioavailability after oral administration was only 
25%. However, in this case, the nasal absorption was probably improved by 
the use of a 2% methylcellulose vehicle. Favourable absorption after nasal 
administration has also been seen for opioid drugs, with maximum plasma 
concentrations achieved between 5 and 50 min and bioavailabilities of 46-
71% [65].  

There are, of course, also drawbacks associated with nasal administration. 
The volume that can be sprayed into the nasal cavity is limited to approxi-
mately 150 μL, which subsequently limits the dose of the compound to be 
administered. Further, diseases such as the common cold or allergic rhinitis 
can alter the absorption characteristics of the area, although there are many 
reports that show the opposite [66-68]. Nasal administration has been associ-
ated with a high variability in the mount of drug absorbed. Upper airway 
infections may increase the variability as may the extent of sensory irritation 
of the nasal mucosa, differences in the amount of liquid spray that is swal-
lowed and not kept in the nasal cavity and differences in the spray actuation 
process [69]. Nonetheless, variability after nasal administration should be 
comparable to that after oral administration [70, 71].  

1.5.1. Drug candidates 
Potential drug candidates for nasal administration include anaesthetics, an-
tiemetics and sedatives that all benefit from a fast onset of effect. Nasal ad-
ministration is particularly suitable for antimigraine drugs, because a fast 
effect is desired and oral administration can be prohibited by nausea; many 
of these drugs are already available as nasal sprays. Peptide drugs are also 
available as nasal sprays, in this case to avoid drug degradation after oral 
administration. Drugs for nasal administration should also preferably be 
potent enough to allow administration of a small volume and for administra-
tion when needed rather than chronic treatments, to avoid long term effects 
on the nasal mucosa. See the recent review by Cosantino et al. [72] for fur-
ther aspects of this topic. 
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Two compounds, dihydroergotamine (DHE) and desmopressin, were used in 
this work as model drugs in the nasal formulations. DHE is an ergot alkaloid 
used for migraine (Figure 4a). It is currently available as a tablet formulation 
in Sweden, but is marketed as a liquid nasal spray in other countries. The 
absolute bioavailability of nasal DHE, relative to the intramuscular formula-
tion, is 38.4% [66], whereas the corresponding bioavailability of the oral 
tablet has been reported to be below 1% [73]. The substance does, however, 
have active metabolites that improve the effect somewhat despite the exten-
sive first-pass metabolism after oral delivery. Although absorption from the 
liquid spray is quite high, the substance is chemically unstable in solution 
and the administration is inconvenient because of the large volume required, 
which necessitates repeated dosing [66].  

The second compound, desmopressin or 1-desamino-8-D-arginine vaso-
pressin (Figure 4b), is a synthetic peptide analogue of the posterior pituitary 
hormone vasopressin and is used as an antidiuretic or, at higher doses, in the 
control of bleeding disorders. Desmopressin can also be administered by 
either nasal or oral routes. The tablet formulation of desmopressin, which 
has very low bioavailability, is unusual; other peptide analogues are avail-
able only as injections or nasal sprays. The bioavailability of the commercial 
tablet is 0.1% while that of the nasal spray is 3-5% according to the SPC 
(summary of product characteristics) [74]. Desmopressin has been shown to 
be degraded by intracellular metabolism in rabbit nasal mucosa homogenates 
[75]. No metabolite was detected after nasal administration to humans in the 
same study, which could be explained by paracellular absorption of the 
compound. The absorption of desmopressin is highly variable, with coeffi-
cients of variation reported in the order of 60% after nasal [76] and oral [77] 
administration. Hence, not only increased absorption but also reduced vari-
ability would be beneficial for future formulations of desmopressin.  

 

 
Figure 4. The molecular structures of DHE (A) and desmopressin (B). 
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1.5.2. Olfactory transfer 
The nasal administration route is associated with the unique possibility of 
achieving olfactory transfer of drugs, which may be considered as either an 
exclusive advantage or a potential risk. The objective of this thesis is not, 
however, to review the many interesting aspects of the olfactory uptake of 
drugs as it is mainly concerned with systemic absorption; nonetheless, a 
short introduction will be provided and the interested reader can find more 
detailed discussions in the theses by Jansson [78] and Espefält Westin [79].  

The nerve cells of the olfactory epithelium project into the olfactory bulb 
of the brain, thus providing a direct connection between the brain and the 
external environment. The transfer of drugs to the brain is normally hindered 
by the blood-brain barrier (BBB), which is virtually impermeable to passive 
diffusion of all but small, lipophilic substances. However, if drug substances 
can be transferred along the olfactory nerve cells, they can bypass the BBB 
and enter the brain directly. The olfactory transfer of drugs into the brain is 
thought to occur by either slow transport inside the olfactory nerve cells to 
the olfactory bulb or by faster transfer along the perineural space surround-
ing the olfactory nerve cells into the cerebrospinal fluid surrounding the 
olfactory bulbs and the brain [80, 81].  

As implied above, olfactory transfer could be a great opportunity for 
drugs that have a required effect in the central nervous system such as those 
for Parkinson’s or Alzheimer’s diseases. It could also be seen as a risk if 
these or other substances were to accumulate in the brain; however, it is 
questionable whether sufficient quantities to cause concern could be trans-
ferred by this route. Studies have been presented that show that direct trans-
fer of drugs is achievable [81, 82], but the possibility of olfactory delivery of 
therapeutically relevant doses to humans remains to be demonstrated.  

1.5.3. Comparisons with sublingual administration 
It is also possible to achieve fast, extensive absorption with sublingual ad-
ministration. The drug is transferred directly to the systemic circulation 
without first-pass hepatic and intestinal metabolism and the nonkeratinised 
sublingual mucosa is more permeable than other areas in the oral cavity and 
absorption of larger molecules such as peptide drugs is possible [83]; yet, the 
surface area under the tongue is smaller than in the nasal cavity and the mu-
cosa has a multiple epithelial cell layer. In comparison, the buccal epithelium 
is 500-800 μm thick [84], the sublingual 100-200 μm [84] and the nasal 
25 μm [1]. Absorption will therefore not be as fast or as extensive as after 
nasal administration [83]. Nevertheless, the convenience of manufacturing 
and administrating a tablet is greater than that for a nasal spray, which may 
outweigh these shortcomings. For example, desmopressin is available as a 
sublingual tablet in addition to the oral tablet and nasal spray mentioned 
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above. The SPC states a bioavailability for the sublingual formulation of 
0.25%, which is about two times higher than after oral administration but 
around twenty times lower than after nasal administration [74]. A mucoad-
hesive sublingual tablet based on the formation of interactive mixtures has 
been developed for the administration of fentanyl [85], resulting in exten-
sive, rapid absorption from the oral cavity. The concentrated deposition and 
reduced risk of swallowing may also be beneficial for sublingual absorption 
of other drugs.   

1.5.4.  Powders or liquids?  
Drugs in liquid nasal sprays can, as mentioned, be very well absorbed and 
liquid sprays are relatively simple, cost-effective and generally well accepted 
by the patient. It should also be possible to produce sprays that are preserva-
tive-free with the help of modern devices. However, a liquid spray has a 
tendency to run down the oesophagus, which may result in a bad taste. Most 
of us have probably tasted the slightly bitter flavour of the common decon-
gestant sprays but other drugs, such as the antimigraine drug sumatriptan 
(Imigran®), can taste quite foul [86]. A perhaps more severe effect of the 
swallowing of nasally administered fluid is decreased and more variable 
absorption. We can again take the example of Imigran® where most of the 
nasally administered dose is actually absorbed from the stomach [87]. The 
bioavailabilities from the commercial products are consequently almost 
equal (16% and 14% from the nasal spray and oral tablet, respectively [87, 
88]), but the effect is achieved faster after nasal administration (15 compared 
with 30 min [88]). Moreover, absorption of polar and/or large drug mole-
cules such as peptides from a liquid formulation may be suboptimal because 
of a short residence time in the nasal cavity or low permeability of the mu-
cosa to the active component. Permeation enhancers such as cyclodextrins, 
bile salts and chelating agents can be added, but there is an associated risk of 
harmful effects on the epithelium and/or mucociliary clearance [89].  

The use of dry powder formulations presents an alternative to achieve bet-
ter deposition and residence time in the nasal cavity, increased stability and 
possible absorption enhancement. The administration of nasal powder for-
mulations has been associated with greater sensory irritation than liquid 
sprays and the amount of powder should be kept as low as possible, prefera-
bly below 20 mg. The sensation will also depend on the type of powder and 
may even be less irritating than a liquid in some cases [90]. Mucoadhesive 
particle formulations have generally proven to be safe delivery systems with 
few harmful effects even after repeated dosing [91-93]. Dry powder formula-
tions are also associated with better stability than liquid ones, both microbio-
logically and chemically [90, 94].  

The effect of  water-insoluble, mucoadhesive powder mixtures on the ab-
sorption of insulin was first investigated by Nagai et al. [95], who concluded 
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that they had a positive effect on the nasal absorption in comparison with a 
solution and a water-soluble powder formulation. Many investigations have 
since shown positive results for nasal delivery by mucoadhesive microparti-
cles, i.e., micron-sized particles of drug and excipients, in comparison with 
liquid formulations or the pure drug [e.g. 96, 97, 98, Table 1]. Several muco-
adhesive polymers, for example degradable starch microspheres, cellulose, 
carbomer, alginate and the popular, cationic polymer chitosan, have been 
investigated [99, 100]. There are few studies published on the effect of mu-
coadhesive powder formulations on the systemic absorption of drugs after 
nasal administration to humans (Table 1). Such studies are likely poorly 
represented in scientific literature since their publication risk being hindered 
by company secrecy.  

Table 1. Summary of studies into the effects of dry, mucoadhesive powders on the 
systemic absorption of drugs after nasal administration to human subjects.  

Delivery system Substance Bioavailability (%) Reference 

Degradable starch 
microspheres 

Metoclopramide 
137%, relative to a plain nasal 
liquid spray.  

Vivien et al.  
1994 [101] 

Microcrystalline 
cellulose 

Salmon calcitonin 10%  
Makino et al. 
1995a [102] 

Microcrystalline 
cellulose 

Glucagon 165%, relative to pure powder  
Teshima et al. 
2002 [90] 

Chitosan Morphine 
54.6%; 10.5% from a plain nasal 
liquid spray 

Illum et al.  
2002 [103] 

aResults published in J Pharm S-313, but obtained from reference [102]. 

1.5.5. Important characteristics for nasal powders 
One of the positive features of mucoadhesive microspheres is their increased 
residence time in the nasal cavity. The half-life of the residence time of a 
drug in the human nasal cavity is around 15-20 min [18, 19], which might be 
longer than expected considering the rate of mucociliary clearance but can 
be explained by the distribution of the drug to the lower mucus layer. Starch 
microspheres, investigated in the same studies, increased this half life to 1-
3 h. The mucoadhesive mechanisms have already been mentioned; an in-
creased residence time has, however, also been observed with the insoluble, 
inert excipient calcium carbonate [104]. The increased residence time can 
possibly partly be explained by a more anterior deposition in the nasal cav-
ity, where there are fewer ciliated cells [4]. The spray pattern of delivery 
devices and subsequent deposition can have a significant effect on the ab-
sorption as shown by Pringels et al. [105], with an anterior deposition being 
more favourable as it increases the residence time.  

A prolonged residence time may not be enough to increase absorption, as 
seen by Harris et al. [106, 107] when trying to increase the absorption of 
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desmopressin by using a viscous solution. Increased absorption from powder 
formulations may also be explained by a higher concentration gradient of the 
active component from a coherent particle than from a drop or a quickly 
dissolving particle, exemplified by the positive effect obtained with insolu-
ble, inert excipients [104, 108]. Mucoadhesive microspheres can also lead to 
increased paracellular absorption. Dry starch microspheres, for example, 
induced temporary opening of the tight junctions between the epithelial cells 
as a result of dehydration of the mucosa during hydration of the powder 
[109]. The effect was corroborated in vivo, where the dry spheres improved 
the absorption of insulin [110], but pre-hydrated spheres did not have the 
same effect [111] which was also reported by Wang et al. [112]. The cal-
cium binding capacity of the polymers may also influence absorption, as the 
integrity of the tight junctions is dependent on the extracellular calcium lev-
els [113]. This effect has been strongly associated with the absorption en-
hancing effect of carbomer [114]. However, Oechslein et al. [115] predicted 
a delayed onset of this effect when dry particles are used as it requires full 
hydration of the polymers and should therefore not affect instant absorption. 
Because a protracted hydration phase could also slow the release of the ac-
tive component, surface deposition of the drug is favoured as shown by 
Pereswetoff-Morath and Edman [116].   

Considering the positive results achieved with microspheres, it may be 
hard to understand their poor representation on the pharmaceutical markets. 
There is one nasal powder spray containing cellulose available for sale in 
Sweden and other countries as a remedy for allergic rhinitis. The spray is, 
however, drug free and is only intended to protect the mucosa from allergens 
by gel formation [117]. Some spray devices that can deliver a powder dose 
into the nasal cavity in the same manner as conventional liquid sprays, i.e., 
without manual inhalation of the powder, are also available. A possible ex-
planation for the relative lack of nasal powder formulations may lie in the 
difficulties associated with achieving a cost effective and reproducible prod-
uct for large scale manufacturing. The most common methods of producing 
microspheres involve dissolution of the drug to incorporate it into the muco-
adhesive polymer, usually followed by spray drying or lyophilisation. This 
can result in unwanted residues in the formulation and difficulties in control-
ling the particle size. Particles smaller than 10 μm in diameter risk not being 
approved by medical product agencies because of the increased likelihood of 
pulmonary deposition [2]. In contrast, particles that are too big (generally 
above 50 μm) can be deposited too far in front of the nasal cavity [2, 118], 
where absorption is poor. 

An effective and reproducible way of producing mucoadhesive particles 
for nasal drug delivery in the size range of 10-50 μm is thus called for. If fast 
absorption of the drug is desired, it would also be beneficial if a method was 
devised where the drug is deposited on the surface of the microparticles.   
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1.6. Assessing the efficacy of a powder formulation 
How can we measure the effect of a novel nasal powder formulation on the 
systemic absorption of a drug? Studies in human volunteers are time con-
suming, expensive and, as a consequence, scarce (Table 1). Studies on depo-
sition characteristics and residence time in the nasal cavity (not presented in 
Table 1) have been performed using gamma-scintigraphy [18, 19, 119]. 
Animal studies, which are more common, can also provide information on 
the effects of a formulation on plasma concentrations and/or residence time. 
A direct correlation to results in humans is, however, not possible because of 
species differences [3, 120]. Even comparisons between powders and liquids 
can be troublesome in some cases; for example, if the animal is sedated and 
in the supine position, the residence time of a liquid formulation can be in-
creased. Although in vitro methods cannot replace in vivo studies, they can 
reduce the requirement for these, since they can be used for mechanistic 
studies and comparisons.  

1.6.1. Mucoadhesion in vitro 
In vitro mucoadhesion measurements of dry particle formulations are based 
on the extent of adhesion, the molecular interactions between polymers and 
mucin or the residence time. The latter measurements require the most ad-
vanced experimental setup since functional mucociliary clearance is re-
quired. Frog palate studies, such as those described by Pritchard et al. [121], 
have often been used to compare the mucociliary clearance of various parti-
cles. The air interface and limited fluid access should reflect the in vivo 
situation, although the clearance rate will not be directly comparable to that 
in the human nasal cavity.  

Measurement of molecular interactions may seem superfluous for dry par-
ticle systems if the primary cause of mucoadhesion is water movement into 
the particle. Rheological methods can be employed for this purpose and have 
also been used to measure the mucoadhesion of dry powder formulations 
[122, 123]. Measuring mucoadhesion by rheology has been questioned pre-
viously [124] and did in the investigations by Callens et al. [123] not con-
firm the results of the powder formulations in vivo [97], which was ex-
plained by overhydration of the particles in the in vitro method [123].  

Perhaps the most common way of measuring the adhesion of dry particles 
is to estimate the force needed for detachment, which can occur through 
failure of the mucus layer, the formulation or the area in between. Tensile 
strength measurements, which have been thoroughly discussed and evaluated 
by Hägerström [125], are popular. It has even been suggested that the type of 
mucosa used is less crucial in such measurements on dry powder formula-
tions owing to the primary importance of the hydration of the formulation 
[126, 127].  
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1.6.2. Uptake in vitro 
The simplest way of roughly estimating the in vivo performance of a powder 
formulation is probably to measure its effect on the release of the active 
component. Still, the release of the drug is unlikely to be the same in vivo as 
it is in vitro, because of factors such as the degree of hydration of the parti-
cles and surface-volume relationships. Furthermore, release of the drug from 
the formulation may not be the rate-limiting step of absorption. In vitro cell 
models provide a more sophisticated method of estimating nasal absorption 
[128] using primary cultures of cells obtained from healthy human nasal 
mucosa [129] or nasal cell lines such as RPMI 2650, which is of human ori-
gin [128]. Due to its poor differentiation and lack of polarisation, this cell 
line is best used for metabolism studies; however, a polarised monolayer 
containing tight junctions and potentially suitable for drug transfer studies 
has recently been achieved by culturing RPMI 2650 cells at an air-liquid 
interface [130].  

Freshly excised nasal mucosa has often been used to evaluate the effect of 
powder delivery systems [e.g. 104, 131]. These studies usually include ani-
mal mucosa (rabbit, sheep, cow or pig); human mucosa is understandably 
more rarely used [132]. The use of mucosa from slaughter animals provides 
a cheap and humane alternative to the sacrifice of research animals. A fur-
ther advantage with this experimental setup is the utilisation of intact mucosa 
comprising different cell types, tight junctions and mucus. Regional differ-
ences in uptake can also be evaluated by excising mucosa from different 
parts of the nasal cavity such as the olfactory region [133, 134], an advan-
tage not achievable in vivo. The integrity of the excised mucosa should al-
ways be ascertained; this can be achieved, for example, by electrophysio-
logical measurements [132, 135]. A horizontal Ussing chamber setup using 
excised porcine mucosa has been developed [136], where the viability of the 
mucosa can be meticulously monitored. However, species differences, and 
possibly the lack of blood circulation, prohibit extrapolation of the results to 
absorption in humans. The substance will have to cross both the epithelial 
cells and the submucosa, if they are not separated, in the Ussing chamber 
measurements; in contrast, blood is flowing directly beneath the epithelial 
cells in vivo. Correlations with passively diffusing drugs should be more 
reliable in this context as shown by Wadell et al. [135].  

The air interface in the nasal cavity, which is important for evaluation of 
the functionality of a dry formulation, can be mimicked using in vitro meth-
ods. However, the effect of mucociliary clearance or deposition characteris-
tics cannot be reproduced in vitro, and these methods will thus only provide 
information on absorption enhancing effects.  
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2. Aims of the thesis 

 
The main objective of this doctoral thesis was to develop and evaluate a 
novel powder formulation for improved nasal systemic drug delivery.  
 
The specific aims of Papers I-V were as follows:  

• To investigate whether interactive mixtures can be created using a small 
mucoadhesive carrier suitable for nasal administration and to determine 
how such mixtures could best be characterised. 

• To evaluate the effect of the formulation on the uptake of a relevant drug 
in vitro using the horizontal Ussing chamber system and also to compare 
transport of the drug across nasal respiratory and olfactory mucosa.  

• To develop a simplified method for measuring mucoadhesion and to use it 
to establish whether the surface coverage of the carrier particles in inter-
active mixtures has an effect on their mucoadhesion. 

• To determine whether the results of in vitro and in vivo studies can be 
affected by chemical interactions between superdisintegrants and certain 
drug substances and, if so, which molecular characteristics are of impor-
tance for these interactions.   

• To compare the nasal absorption of desmopressin from a formulation 
containing SSG as the carrier particle with absorption from a mucoadhe-
sive sublingual tablet and from the commercial nasal spray in a clinical 
trial and also to record the volunteers’ opinions on the different formula-
tions.  
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3. Description of essential methods 

The results included in this thesis are based on a number of methods. The 
methods that have been central for the thesis and/or that require more than a 
few words to explain are included in this section to facilitate critical evalua-
tion of the results. Other methods are mentioned in the Key findings section 
and further details can be found in Papers I-V. 

For all studies, the carrier material SSG was obtained from DMV Interna-
tional, where it is marketed under the proprietary name Primojel®.   

3.1. Powder materials 

3.1.1. Obtaining the required particle size 
The required sizes of the carrier particles were obtained by dry sieving or air 
classification. The latter method was especially useful for retrieving the 
smaller particle size fractions, i.e., below 32 μm, when efficient dry sieving 
was impeded by the flowability of the powder.  

Milling was employed to create powders with sufficiently small particle 
sizes of the fine particulate component for the interactive mixtures. A mortar 
grinder was used for milling sodium salicylate in Paper I, a centrifugal ball 
mill was used for DHE in Paper II and oxazepam was micronised in a pin 
disc mill in Paper III. The amounts of micronised sodium salicylate and 
oxazepam were sufficient to allow final air classification, to ensure that only 
the finest particles were used in the mixtures.  

3.1.2. Determining the particle size 
The size of the carrier particles was evaluated by laser diffraction. Because 
SSG swells extensively in contact with water, dry laser diffraction was used 
in Paper I (Sympatec Helos H0321, Sympatec GmbH, Germany). In Papers 
II and III, SSG and PPS were dispersed in 99.5% ethanol and measured us-
ing wet laser diffraction (LS 230, Coulter, USA) as this gave exactly the 
same results as dry laser diffraction (unpublished data). The external surface 
area of the carrier particles was measured with steady-state permeametry 
[137, 138] and calculations were made according to Eriksson et al. [139]. 
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Dry laser diffraction was also used for measuring the particle size of the fine 
particulate component sodium salicylate in Paper I. However, laser diffrac-
tion is associated with problems in obtaining correct estimates of particle 
sizes below 10 μm if the refractive index of the substance is not known. Sur-
face measurements alone were thus used for characterisation of the fine par-
ticles in the other papers. The external surface areas were measured with 
Blaine permeametry [140] and were corrected for slip flow [141].  

3.1.3. Determining the ability of the particles to swell 
The capacity of the powders to absorb liquid was evaluated by placing a 
known weight of the dry powder on top of a pre-weighed moist membrane 
and letting the powder absorb the liquid from underneath the membrane. The 
swellability was expressed as the increase in weight per mg powder. 

3.2. Interactive mixtures 

3.2.1. Theoretical models  
Homogeneity evaluation. The homogeneity of a powder can be expressed as 
the CV of the amount of drug substance in a number of powder samples 
extracted from the mixture. Larger powder samples will lead to a lower CV 
as each sample contains more particles. 

According to the theoretical models, described in more detail in Paper I, 
an interactive mixture should be more homogeneous than a random mixture 
and the measured homogeneity should also not increase as much with in-
creasing size of the powder samples. This can be seen when comparing the 
equation for the homogeneity of a random mixture [142] (Eq. 1) with the 
equation that describes the homogeneity of an interactive mixture [143-146] 
(Eq. 2). The homogeneity is here expressed as the CV:  

M
wqwp

p
qCV pq +⋅⋅=100RM                               (Eq. 1) 

  
M
w

p
CV p⋅⋅= 1

100IM                                         (Eq. 2) 

where p and q are the proportions by weight of fine and coarse particles, 
respectively. The weight of the mixture sample is represented by M and the 
mean particle weights of the two components by pw  and qw .  
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The fine particles are adhered to the carrier particles in an interactive mix-
ture and the homogeneity of the mixture will primarily depend on the 
amount and size of the fine particles. According to theory, it should thus be 
possible to decide if a mixture is random or interactive by extracting powder 
samples of different sizes (M) and comparing the measured homogeneities 
(CV) with the theoretical values from Equations 1 and 2. An example of the 
theoretical values for a mixture containing 4% of the fine drug component 
and a mean carrier particle size of 225 μm is shown in Figure 5.  

 
Figure 5. The theoretical difference in the CV of an interactive (IM) and a random 
(RM) mixture. The values are calculated for a mean carrier particle size of 225 μm; 
sample size and size of the fine particulate component are according to Paper I.  

Surface coverage. The theoretical surface coverage (Rs) of the carrier parti-
cles was calculated according to Equation 3 as the ratio of the projected ex-
ternal surface area of the micronised compound (Sp) to the total external 
surface area of the carrier particles (Sq), as described by Nyström et al. [50].   

q

p
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⋅
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25.0
100                                            (Eq. 3)  

3.2.2. Practical methods 
The interactive mixtures were prepared by dry mixing; the micronised model 
substance was added to the carrier particles in a glass jar (250 mL) and 
mixed in a Turbula mixer for 50 h or, when necessary, up to 100 h to maxi-
mise the deagglomeration of the fine particles.  

An alternative means of producing a powder with the characteristics of an 
interactive mixture was introduced in Paper V. The active component des-
mopressin was dissolved in 99.5% ethanol and was poured onto the carrier 
particles; the ethanol was then removed by rotary evaporation. Ethanol was 
used to prevent SSG from swelling so that desmopressin would only be de-
posited on its surface.  

The homogeneity of the mixtures in Paper I was evaluated by extracting 
30 powder samples, as required for an accurate statistical analysis [49, 147, 
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148], in three different sizes, using powder thieves (Figure 6). The amount 
of fine particulate component in each sample was measured with UV-
absorption after dissolving the samples in water and the results were com-
pared with the theoretical calculations. The 95% confidence limits were cal-
culated for the coefficients of variation, which were assumed to follow a χ2 
distribution. The homogeneity of the mixtures in Papers II and III was evalu-
ated by collecting 30 samples with the smallest powder thief (15 mg) and the 
UV-absorption was measured in 99.5% ethanol.  

 
Figure 6. Drawing of a powder thief in closed (top) and open (bottom) position.  

3.3. In vitro uptake  
For a more detailed description of the horizontal Ussing chamber measure-
ments, please see Paper II and the theses by Östh [149], Jansson [78] and 
Espefält Westin [79].  

3.3.1. Porcine nasal respiratory and olfactory mucosa 
Both nasal respiratory and olfactory mucosa were used in Paper II. The mu-
cosae were isolated at the local slaughterhouse (Swedish Meats, Uppsala) 
from 6-month-old domestic pigs. The olfactory mucosa was obtained from 
the upper part of the septum, the roof of the nasal cavity and the superior 
turbinate. Respiratory mucosa was obtained from the ventral nasal concha at 
the anterior part of the nasal cavity. The excised mucosae were placed in 
pre-oxygenated, ice cold Krebs Ringer bicarbonate buffer (KRB), supple-
mented with 15 mM NaHCO3, 1.2 mM CaCl2 and 138 mM NaCl, within 
10 min after the animal had been killed and were transported to the labora-
tory. Two pieces of either nasal respiratory or nasal olfactory mucosa were 
obtained from each snout.  

Mucosae from the Ussing chamber experiments and further fresh samples 
were embedded in plastic (Technovit 7100, Leica Microsystems, Germany) 
for histological evaluation. Thin sections were stained with toluidine blue 
and examined in a light microscope. The mucosae were studied to detect 
possible damage to the epithelial cell layer. The presence of elements spe-
cific to olfactory mucosa, i.e., Bowman’s glands, dendritic knobs with bun-
dle formations of long cilia and nonciliated epithelial cells, was also investi-
gated to determine whether the mucosa had been successfully isolated.  
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3.3.2. Horizontal Ussing chamber measurements 
The horizontal Ussing chamber measurements were performed according to 
a method described by Östh et al. [136]. The stability of DHE and its poten-
tial to bind to the Ussing chamber were studied prior to the transport experi-
ments and adjusted so as not to affect the study results. All solutions that 
were to contain DHE were supplemented with Na-EDTA (1 mg/mL) and 
Na-Metabisulfite (0.05 mg/mL) to improve its chemical stability. The muco-
sae were mounted in the Ussing chambers, exposing a surface area of 
0.55 cm2 per sample (Figure 7). The viability measurements commenced 
within 100 min of slaughter of the animal. The tissues were oxygenated and 
kept on a circular shaker at a temperature of 37º C during the experiments. 
The viability of the mucosae was measured after equilibration with KRB on 
both the mucosal and serosal side. Only viable mucosa, that fulfilled prede-
termined criteria regarding the electrophysiological parameters resistance 
(R), potential difference (PD) and short circuit current (Isc), were included in 
the study. 

 
Figure 7. Schematic drawing of a horizontal Ussing chamber with the excised mu-
cosal sample, including both epithelial cells and submucosa, mounted with an air 
interface on the mucosal side (1) and buffer solution on the serosal side (2).  

The KRB was removed from the mucosal side before the transport experi-
ments and the buffer on the receiver side was exchanged for a KRB solution 
containing the stabilising agents. A volume of 50 μL of the reference solu-
tion (1 mg/mL DHE in 0.05 mg/mL stabilised mannitol solution) or 1 mg of 
the powder formulation (SSG mixture with 5% DHE) was applied to the 
donor side. Samples were taken from the receiver side and stored at -18° C 
pending analysis by UV-HPLC by Mikrokemi AB, Uppsala. The second 
viability measurement was performed after adding 1.2 mL of the stabilised 
KRB buffer on the donor side, when the transport study was finalised.  

The apparent permeability coefficients [Papp (cm/s)] were calculated in 
accordance with the model for non-sink conditions suggested by Palm et al. 
[150] and the results were used for comparison of the transfer of DHE across 
the two types of mucosa. The efficacy of the delivery system was evaluated 
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as the amount of DHE transferred to the receiver compartment per surface 
area of the mucosa (ng/cm2). Papp was not used for this purpose as it can be 
underestimated after application of the powder formulation, if the available 
concentration of DHE is decreased as a result of delayed dissolution.  

3.4. Mucoadhesion 

3.4.1. Test materials 
Only respiratory mucosa was used for the mucoadhesion measurements. 
Fresh snouts were obtained from 6-month-old domestic pigs at Swedish 
Meats (Uppsala). The snouts were divided by an incision along the septum 
and were transported on ice to the laboratory where the mucosa was care-
fully removed from the nasal turbinates within 2 h of slaughter, similar to the 
procedure described by Wadell et al. [151]. Each sample of mucosa was 
only used once and the rest were kept in pre-oxygenated, ice cold KRB for a 
maximum of 6 h awaiting the experiments. 

Partly pregelatinised maize starch (PPS, Starch 1500® from Colorcon) 
was included in the study as a comparator with a less extensive swelling 
capacity than SSG. As the aim of the study was to investigate the effect of 
surface coverage on the mucoadhesion of the carrier particles, SSG and PPS 
with different degrees of surface coverage were used in the measurements. 
Maximum hydrophobic surface coverage was achieved by mixing SSG and 
PPS with 2% magnesium stearate for 100 h. The surface coverage of SSG 
was further evaluated by creating interactive mixtures with varying amounts 
of the hydrophobic oxazepam or the hydrophilic sodium salicylate. Glass 
beads in the same particle size range were used as negative standards. 

3.4.2. Tensile strength measurements 
A texture analyzer, TA.HDi (Stable Micro Systems), was used for the tensile 
strength measurements. A type of absorbent paper with a plastic coating 
(Whatman Benchkote) was evaluated as a substitute for the nasal mucosa, as 
suggested by Caramella et al. [152].  

A sample of fresh mucosa or a 2x2 cm piece of the paper substitute was 
fastened on the lower platform of the texture analyser (Figure 8). The pow-
der was attached to the upper movable probe (10 mm ø) with double-sided 
adhesive tape. The amount of powder attached to the probe was evaluated to 
ensure that a reproducible monoparticulate layer was obtained. The meas-
urement commenced as the upper probe triggered at a force of 2 mN upon 
contact with the lower surface. The probe was kept in contact at a constant 
force of 10 mN for a predetermined time, after which it was raised at the 
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speed of 0.1 mm/s and the force needed for detachment was registered. A lid 
was placed on the measuring system to prevent water evaporation during 
contact times above 120 s. The mucoadhesive characteristics were described 
by the fracture strength (mN/cm2), determined as the peak detachment force 
per square centimetre, and the tensile work (μJ), i.e., the area under the 
force-distance curve (Figure 8). 

 
Figure 8. Schematic drawing of the powder on the upper movable probe (1), which 
is lowered to the mucosa or substitute paper (2). The detachment force and distance 
is recorded as the movable probe is raised.  

3.4.3. Development of a mucosal substitute 
The measurements on the nasal mucosa after contact times of 1, 120 and 
600 s were used as reference results for the measurements on the substitute. 
The absorbent paper was wetted by either pure KRB or mucin solution (Por-
cine gastric mucin type II in KRB) of different concentrations and volumes. 
The measurements were performed on pure SSG and on SSG covered with 
magnesium stearate.  

The effect of the addition of mucin was also evaluated using freshly pre-
pared pre-swelled SSG and PPS particles of different concentrations. In 
these measurements, the upper probe was covered with absorbent paper 
which was wetted with KRB and lowered to the gel on the stationary plat-
form. After triggering, the probe was lowered 0.3 mm into the gel and kept 
there for 10 s after which it was raised and the detachment force was regis-
tered. These measurements were performed at a controlled depth instead of a 
constant force to prevent the probe from penetrating too deep into the softer 
gels. 
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3.5. Physicochemical interactions 

3.5.1. Test materials 
The characteristics of the disintegrants evaluated in the study are described 
in Section 1.4. The model substances included in the study are shown in 
Figure 9 and further details are given in Table 2.  

 
Figure 9. The molecular structures of the model compounds included in Paper IV. R 
in the paraben structure represents CH3, CH2CH3 and CH2CH2CH3 for methyl-, 
ethyl- and propylparaben, respectively. CPC stands for cetylpyridinium chloride.  

3.5.2. Binding study 
The compounds were dissolved in 5 mM tris buffer (TB) to give a final con-
centration of 0.2 or 2 mM and a pH of 7.4 ± 0.1. The effect of salt was stud-
ied by adding NaCl to the 5 mM TB. All use of plastic utensils was avoided 
to prevent sorption of the amphiphilic substances. 

The extent of binding was studied by adding 15 mL of drug solution to 
test tubes containing 50 mg of dry disintegrant powder. The equilibrium 
concentration in the supernatant was measured spectrophotometrically and 
was compared to the drug concentration in the original solution. Any ab-
sorbance from the disintegrant was compensated for by subtracting the ab-
sorbance from a drug-free experiment.  
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Table 2. Characteristics of the model compounds used in the experiments.  

Substance Net charge pKa
a cLogPa MWb λc (nm) 

Sodium salicylate (−) 3.0 2.1 137 296 

Naproxen (−) 4.8 3.0 230 262 

Methylparaben (0) 8.3 1.9 152 256 

Ethylparaben (0) 8.3 2.4 166 256 

Propylparaben (0) 8.2 2.9 180 256 

Atenolol (+) 9.2 0.097 266 274 

Alprenolol (+) 9.2 2.9 249 270 

Diphenhydramine (+) 8.8 3.7 255 258 

Verapamil (+) 8.8 3.9 455 278 

Amitriptyline (+) 9.2 4.9 277 238 

CPC (+) – 5.0 340 259 
aCalculated values [153]  bMolecular weight for the acid or base form. cWavelength for UV-
absorbance measurements.  

3.5.3. Release study  
Prehydrated SSG gels were prepared on the same day as the experiments 
were performed according to the swelling capacity of SSG in diphenhy-
dramine or naproxen solution; hence, 11 mL of 20 mM diphenhydramine 
solution or 15 mL of 20 mM naproxen solution were added to 1 g SSG, 
yielding gels of 8% and 6% SSG, respectively. The resulting drug concentra-
tions in the gels were 17 mM naproxen and 18 mM diphenhydramine.  

The release of drug into 5 mM TB or 5 mM TB supplemented with 
145 mM NaCl was measured at room temperature and under sink conditions 
using custom-made diffusion chambers [154]. Approximately 1 g of gel was 
weighed onto the donor compartment at the beginning of the experiment. 
The chamber was then immediately placed on a magnetic stirrer and samples 
of 1 mL were withdrawn manually from the receiver compartment over 3 h. 
Each sample was replaced by an aliquot of fresh medium. The drug content 
was analysed spectrophotometrically.  

The apparent diffusion coefficients were derived from Equation 4, which 
describes the initial (�60% of the total amount released) one-dimensional 
Fickian diffusion  from the diffusion chamber under sink conditions [155, 
156].  

π
tD

CQ app
02=                                           (Eq. 4) 

where Q is the amount of drug released per surface area, C0 is the original 
concentration of the drug in the gel, Dapp is the apparent diffusion coefficient 
of the drug in the gel and t is the time that has elapsed since the experiment 
began. 



Description of essential methods 

 37

3.6. Clinical study  

3.6.1. Study basics 
The absorption of desmopressin from the nasal powder formulation was 
compared with the absorption from a sublingual tablet and from a commer-
cial nasal liquid spray (Desmopressin Alpharma). The nasal powder formu-
lation was prepared as described in Section 3.2.2; SSG, which was air classi-
fied to obtain particles between 10 and 50 μm, was used as carrier material. 
The sublingual tablet was prepared by direct compression after dry mixing 
desmopressin and mannitol. Carbomer was added for mucoadhesion and 
absorption enhancement in this formulation [157].  

The clinical study was performed at the Berzelius Clinical Research Cen-
ter, Linköping, Sweden, as an open-label, randomised, three-period cross-
over pharmacokinetic study in healthy female and male volunteers. The 
study was approved by the Swedish medical agency and the regional inde-
pendent ethics committee in Linköping (EudraCT number 2006-006774-25). 
A total of 13 volunteers, 6 male and 7 female, were included in the study 
after undergoing a medical examination and giving their written, informed 
consent. The three administrations were separated by a wash-out period of at 
least 3 days. The plasma concentrations of desmopressin from the venous 
blood samples were evaluated with a validated radioimmunoassay by MDS 
Pharma Services Switzerland AG. The lower limit of quantification was 
2.5 pg/mL. The pharmacokinetic parameters were calculated with non-
compartmental analysis using WinNonlin® 4.0. The area under the concen-
tration-time curve (AUC) was calculated with the linear/logarithmic trape-
zoidal method.   

3.6.2. Administration of the study drugs 
The drug formulations were administered by the trained study personnel, 
who were provided with an instruction sheet to ensure that the nasal spray 
devices for powder and liquid administration were held at a constant angle to 
give an accurate dose straight into the nasal cavity, as shown in Figure 10. 
The powder formulation was sprayed into one nostril, whereas the liquid 
formulation was sprayed into both nostrils with a minimal delay between 
doses. The volunteers were instructed to blow their noses before administra-
tion and were asked not to inhale or exhale during the actuation of the spray 
device. They were also asked to try to avoid sneezing or blowing the nose, 
and to remain seated in an upright position, for at least 15 min after admini-
stration.  
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The sublingual tablet was placed under the tongue in the deepest part of the 
oral cavity and the patients were asked to keep their mouths shut without 
moving their tongues for 15 min after dosage; the tablet was to dissolve un-
der the tongue without chewing or sucking. There was no water intake per-
mitted from 1 h before until 1 h after administration of the tablet.   

 
Figure 10. The powder spray device (UniDose DP® from Bespak) and diagrams 
given to the study personnel to ensure consistent positioning of the nasal powder and 
liquid spray during administration. 

3.6.3. Evaluation of the volunteers’ views 
The volunteers were asked to fill out an evaluation form after each admini-
stration to record their opinions on the different formulations. The question-
naire was divided into four parts, one for each dosage form (nasal powder, 
sublingual tablet and commercial nasal liquid spray) and one for final com-
parisons. The final comparative part was completed after all doses had been 
received. The volunteers were asked if they had previously used a nasal 
spray or sublingual tablet and were asked to grade and comment on the taste 
and smell of each dosage form, and on the sensations associated with ad-
ministration of the dosage forms. In the final part, they were asked which 
one of the three formulations they would prefer and why. 

3.7. Statistical analysis 
All statistical analyses were performed with the statistical software Minitab®. 
A p-value of less than 0.05 was regarded as significant. Statistical signifi-
cances were evaluated with General Linear Models (equivalent to ANOVA) 
and comparisons were performed with Bonferroni’s multiple comparisons 
test. In the clinical study (Paper V), treatment, dosing sequence and period 
were included as fixed parameters and subject number within sequence as a 
random effect in the GLM for statistical evaluation of the pharmacokinetic 
parameters AUC, maximum concentration (Cmax) and half-life (t½). A loga-
rithmic transformation of the AUC and Cmax values was performed to ensure 
normal distribution. Differences in time to Cmax (tmax) were evaluated with 
the nonparametric Kruskal-Wallis test.  
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The logarithmic values of the pharmacokinetic parameters AUC and Cmax 
were evaluated in Paper V with Bartlett’s test for equal variances. The stan-
dard deviations of logarithmically transformed data can be used instead of 
the CV to evaluate the homoscedasticity of data in different size ranges 
[158], which should be especially suitable when the data is normally distrib-
uted after transformation.  
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4. Key findings  

A summary of the most important results in Papers I-V is given in this chap-
ter. Some condensed background information with reference to the relevant 
articles is given with each new section.  

4.1. Interactive mixtures with small carrier particles 
As discussed in the introduction, powder formulations may have many ad-
vantages as nasal drug delivery systems. However, for a powder formulation 
to reach the pharmaceutical market, it must also have a cost-effective, repro-
ducible means of production. Paper I discusses the creation of mucoadhesive 
interactive mixtures suitable for nasal administration.  

4.1.1. Characterisation of mixtures in Papers I-III 
The creation of interactive mixtures with mucoadhesive carrier particles 
down to a particle size of approximately 30 μm was shown to be possible in 
Paper I. However, comparisons between experimental homogeneity meas-
urements and the theoretical homogeneity models described in Section 3.2.1 
could not be used to distinguish between random and interactive mixtures in 
this size range. An example is given in Figure 11, which provides the ex-
perimental and theoretical CV values for a mixture of SSG and 4% sodium 
salicylate. Although the experimental CV values are very low, they are still 
well above the theoretical values for both an interactive and a random mix-
ture; it was also not possible to make a correlation between the slopes of the 
lines. The experimental results would have been affected by both the intrin-
sic disorder of the samples, i.e., the distribution of the particles in the mix-
ture, and the analytical errors from sampling and concentration measure-
ments. The difficulties in discerning between analytical and intrinsic vari-
ability have been addressed by Crooks and Ho [159], who proposed that an 
arbitrary maximum CV value of 5%, from powder samples in a size corre-
sponding to the intended dose, could be used to assure good mixture quality. 
However, the results obtained here show that this limit is much too high for 
interactive mixtures with small carrier particles. Of the mixtures created 
during the course of this thesis, only the mixture containing 16 μm SSG 
particles resulted in a CV above 5% (Table 3). 
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Figure 11. Homogeneity of a mixture of SSG with a mean particle size of 45 μm 
and 4% sodium salicylate (mixture 45:4 in Table 3). The theoretical CV values for a 
random mixture (RM) and an interactive mixture (IM) are shown together with the 
experimental results. 

The homogeneity measurements were complemented by visual inspection 
using SEM, which showed that, as expected, aggregates remained in the 
mixture containing 16 μm SSG, but also in the mixtures containing SSG plus 
6% sodium salicylate and SSG plus 5% DHE in Paper II (Figure 12). The 
surface coverage (Rs, Eq.3) of these carriers was also not as high as pre-
dicted. It may be worth mentioning that, in these cases, random mixtures 
were not formed either, as aggregates of the fine particles were still present.  

Table 3. The characteristics of the mixtures in Papers I-III 
Substance Sodium salicylate  DHE  Oxazepam 

Mixturea 59:1 45:1 30:1 16:1 45:2 45:4 45:6  36:5  45:2 45:4 
CV (%)b 1.77 1.32 1.29 8.15 0.917 1.18 3.04  4.0  2.13 1.88 
Rs (%) 5.9 4.9 3.5 1.9 9.8 19 29  26  18 35 
aDescribes the median carrier size (μm): amount of fine particulate component (w/w %). 
bResults from the small sample size of approximately 15 mg.   
 

 
Figure 12. SEM pictures of  SSG (A), SSG plus 4% sodium salicylate (B), SSG plus 
6% sodium salicylate (C), SSG plus 5% DHE (D) and SSG plus 4% oxazepam (E). 
Scale bars represent 20 μm.  
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The mixtures that had CV values in the order of 2%, which is within the 
error range for analytical procedures of this type [33, 46], were all interac-
tive after visual inspection (Figure 12, Table 3). In Paper I, it was therefore 
suggested that homogeneity measurements can be used as an indication of 
the kind of mixture, but that they should be used in conjunction with visual 
inspection, at least for mixtures of new compounds. In this context, a limit 
for the CV within the order of analytical error, e.g. 2%, would be more ap-
propriate, provided that the sampling has been satisfactorily carried out.   

The use of sieve tests to characterise the interactive mixtures, as per-
formed by Malmqvist et al. [36], was not applicable to the present mixtures 
since the size of the carrier particles was too small for successful sieving. 
Spatial statistical models and especially radial distribution functions were 
later suggested as a means of determining the distribution of the fine parti-
cles and thus the degree of order in the micrographs [160]. These methods 
could be used to obtain an objective evaluation of the degree of order in the 
mixtures with small carrier particles. 

4.2. In vitro absorption of dihydroergotamine 
The horizontal Ussing chamber setup has previously been used by our re-
search group to evaluate wet delivery systems [161, 162]. The air interface 
on the mucosal side in the chamber also provides an opportunity for measur-
ing the absorption of drugs from dry powders. The effect of prolonged resi-
dence time cannot be evaluated since it is a closed system and a liquid for-
mulation will consequently also remain in the chamber throughout the ab-
sorption phase. The method should, however, be useful for evaluating ab-
sorption enhancing effects. In Paper II, the horizontal Ussing chamber 
system was used to investigate the absorption of DHE from the novel pow-
der formulation described in Paper I; differences in the absorption of DHE 
across nasal respiratory and olfactory mucosa were also evaluated.  

4.2.1. The porcine olfactory mucosa 
It had been shown in a previous study that nasal respiratory mucosa can be 
excised from the ventral nasal concha of the pig [149]. The olfactory mucosa 
can be differentiated because it is visibly thicker than the respiratory mucosa 
and has a yellowish colour. The histological evaluation also demonstrated 
that it had been correctly excised as it contained Bowman’s glands (Figure 
13b), the typical ciliated dendritic knobs of the olfactory neurons (Figure 
13c) and nonciliated cells, which are rare in the porcine respiratory mucosa 
[163]. The dendritic knobs differ from the ciliated epithelial cells in the res-
piratory epithelium shown in Figure 13a.  
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Figure 13. The drawing shows a frontal section of the porcine snout, which has been 
divided along septum, and the points of excision for nasal respiratory mucosa (A) 
and olfactory mucosa (B and C). The nasal respiratory mucosa has ciliated epithelial 
cells (A) and the olfactory mucosa contains Bowman’s glands (B) as well as the 
dendritic knobs of olfactory neurons (C) and unciliated epithelial cells.  

4.2.2. The effect of the powder formulation 
There was no statistically significant difference in the transfer of DHE to the 
receiver compartment between the powder formulation and the reference 
solution (Figure 14). It has been suggested that swelling particle systems can 
facilitate initial paracellular absorption by widening of the tight junctions 
[109]. This should be favourable for the absorption of DHE since it is most 
likely absorbed paracellularly because of its size and polarity (Figure 4). 
However, the addition of EDTA in the reference solution, which was neces-
sary to keep the drug stable, may have had a similar effect on the absorption 
since EDTA can also be used as an absorption enhancer [164]. During the 
viability measurement performed after the transport study, it was noted that 
the resistance of the mucosae was significantly lower after contact with the 
liquid than after the powder. The resistance can be used as a measure of the 
integrity of the tight junctions and a decrease in resistance could thus indi-
cate that facilitated paracellular transfer occurred from the reference solu-
tion, as has been suggested in previous investigations [78].  

A drawback of the horizontal Ussing chamber system for a powder such 
as SSG, is that only a small amount of liquid is available. In the in vivo situa-
tion, the powder can be distributed over a larger surface area and there will 
be a continuous production of mucus. The powder appeared to be partly dry 
after application onto the mucosa in the Ussing system, and this could have 
impeded the absorption of DHE. The insufficient deaggregation, noticed in 
the SEM micrographs, would also have been disadvantageous for the disso-
lution. It is also possible that DHE interacted with the negatively charged 
hydrogel formed by SSG to prevent absorption. However, the risk of this 
happening appeared insignificant when the possibility was further addressed 
in Paper IV. The horizontal Ussing chamber technique may be better suited 
for powders with less extensive swelling capacity. 
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Figure 14. The cumulative amount of DHE per square centimetre transferred to the 
receiver compartment from the liquid (�) and the powder (�) formulations (n = 8 
and 10, respectively). 

4.2.3. Differences in mucosal transfer  
Because the antimigraine drug DHE is unlikely to be absorbed across the 
BBB, olfactory transfer to the brain could be beneficial for its effect. In fact, 
the Papp for DHE was significantly higher across porcine olfactory mucosa 
than across nasal respiratory mucosa (5.04·10-7 ± 4.59·10-7 and 1.48·10-7 ± 
1.56·10-7 cm/s, respectively, p = 0.043). The olfactory mucosa has greater 
enzymatic activity than the nasal respiratory mucosa [12, 165] and DHE is 
metabolised by Cyp 3A4, which  has been detected in the porcine olfactory 
mucosa [165]. Hence, low olfactory uptake would have been expected. It is 
possible that enzymatic degradation was decreased in the artificial setup of 
the horizontal Ussing chambers [79]; however, this should at best result in 
comparable absorption to that across respiratory mucosa. The epithelial cells 
are not separated from the submucosa when the mucosa is mounted in the 
Ussing chamber (Figure 7). The substance must therefore cross both layers 
to reach the receiver chamber. It is thus possible that the increased absorp-
tion across the olfactory mucosa was caused by facilitated submucosal trans-
port along the perineural space surrounding the olfactory nerve cells. This 
effect may not be as pronounced in vivo, since DHE can then be transported 
to the systemic blood circulation via the blood vessels underneath the epithe-
lial cells. Corroborating results were, however, obtained in an in vivo study 
by Wang et al. [166] which indicated that DHE is transferred to the brain 
from the cerebrospinal fluid, which one would anticipate if perineural trans-
port occurs across the olfactory mucosa.   
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4.3. Mucoadhesion measurements 
It has been shown that interactive mixtures can be used to make inert carrier 
particles mucoadhesive by covering their surface with mucoadhesive fines 
[53]. The powder formulation for nasal drug delivery, on the contrary, con-
sists of mucoadhesive carrier particles that are covered by inert particles, 
which may instead have a negative effect on mucoadhesion. The correlation 
between surface coverage and mucoadhesion was therefore investigated in 
Paper III. It has been suggested that substitutes for mucosa can be used to 
measure the mucoadhesion of swelling particle systems [126, 127] and this 
concept was evaluated in Paper III to create a simple, reproducible method. 
Mucoadhesion was evaluated for two kinds of carrier particles with different 
capacities for absorbing liquids: highly swellable SSG and partly prege-
latinised maize starch (PPS).  

4.3.1. The simplified method  
Measurements of mucoadhesion onto nasal mucosa showed that the magne-
sium stearate-covered SSG particles had significantly lower tensile work 
values and fracture strength than the pure SSG after 1 s of contact, but that 
the differences were insignificant after 120 s (Figure 15). Remains of gel 
were found at both the upper movable probe and the lower surface after the 
measurements, indicating that detachment occurred through cohesive failure 
between the swollen gel particles, even though weaker fracture strengths 
have previously been recorded for the mucus layer itself [167]. It was there-
fore assumed that the dry powder strengthened the mucus layer by dehydra-
tion, as has previously been reported by Mortazavi and Smart for other dry 
dosage forms [16]. Because the failure occurred between the gel particles, 
the tensile work could be measured using a mucosal substitute comprising a 
2x2 cm piece of absorbent paper to which 60 μL of 4% mucin solution was 
added directly before the measurement (Figure 15). Evaluation of the vol-
ume and concentration of the solution showed that these settings gave the 
most consistent results with the least number of failures. The water retention 
of the mucosal substitute and, thus, the rate and degree of hydration of the 
particles were too low when less mucin was added and too high when the 
concentration of mucin was increased.  

The momentary contact time with the substitute was prolonged to 3 s 
(Figure 15) as this gave comparable results to those obtained with the mu-
cosa after 1 s of contact. The mucosa is softer and more uneven than the flat 
absorbent paper, which prolonged the time from the first contact until the 
contact force of 10 mN was reached and the measurement began.  
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Figure 15. Comparison of measurements on mucosa (a-c) and substitute (d-f), using 
glass beads (a), SSG covered with magnesium stearate (b) and pure SSG (c). (Means 
+ S.D., n = 4-6 for nasal mucosa and n = 10 for the substitute.)  

The simplicity of the mucosal substitute was limited by its dependence on 
mucin for water retention and improving the texture of the gels. The tensile 
strength measurements on prehydrated SSG and PPS gels showed that the 
4% mucin solution gave significantly softer and more deformable gels than 
corresponding gels prepared in pure KRB. The effect of the addition of 
mucin on the behaviour of the gels was clearly seen in these measurements 
and it was concluded that mucin is a necessary additive to a mucosal substi-
tute for mucoadhesion measurements using dry particle systems.  

An attempt was also made to use rheology as a comparative method (un-
published data). It has been suggested that rheology can be used to evaluate 
the mucoadhesion of dry powder systems [122]. The rheology of the gel 
particles in KRB or mucin solution was evaluated by oscillatory measure-
ments in a Bohlin VOR rheometer (Bohlin Reologi, Sweden), with the plate-
plate measuring system at a gap width of 3.5 mm to give measurements of 
the macroscopic gel characteristics, independently of the presence of gel 
particles. The measurements were performed at room temperature to mimic 
the conditions during the tensile strength measurements. A solvent trap and 
cover of silicon oil were used to avoid evaporation. However, the measure-
ments failed to detect the obvious differences in the gel characteristics that 
were seen in the tensile strength measurements. It was thus concluded that a 
rheological method was unsuitable for the study of mucoadhesion for these 
swelling dry particle systems and the method was not further developed.  

The tensile strength method is useful for determining immediate mucoad-
hesion but not for measuring the effect on residence time in the nasal cavity. 
Potential changes caused by the addition of a drug compound, whether it is 
as an interactive mixture or in other forms, could be detected using the sim-
plified tensile strength method. The results can then be complemented with 
results on the original particles alone from more sophisticated methods, such 
as the frog palate model [121] or gamma-scintigraphy [19].  
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4.3.2. The effect of surface coverage 
An initial negative effect on swelling was seen for the particles with hydro-
phobic surface coverage (Figure 16). The tensile work for the magnesium 
stearate-covered particles was significantly lower than that for pure SSG 
after 3 s of contact (b-d in Figure 16) but no significant differences remained 
between coated and uncoated SSG after 5 s. The glass beads were included 
as a negative standard and the results were not significantly different from 
the hydrophobically modified particles after 3 s. After 5 s, the tensile work 
of the glass beads was significantly lower than of the 2% oxazepam mixture 
but not than the 4% ditto. Hence, the extent of surface coverage had some 
impact on the initial swellability, although coverage was only 18 and 36%, 
respectively. This can be correlated with the negative effect on the dissolu-
tion rate previously achieved at a surface coverage above 20% [168]. At 
30 s, all mucoadhesive systems were at the same level and associated with 
significantly higher tensile work than that of the glass beads.   

 
Figure 16. The tensile work after different contact times between the mucosal sub-
stitute and glass beads (a),  SSG covered with  2% magnesium stearate (b), 4% 
oxazepam (c), 2% oxazepam (d), 4% sodium salicylate (e) and pure SSG (f). Sig-
nificant differences were found between (a-d) and (f) after 3 s, between (a) and (d-f) 
after 5 s, and between (a) and all other formulations after 30 s. (Means + S.D., n=10)  

The swelling of PPS was not hindered by mixing it with magnesium stearate 
(Figure 17). The opposite might have been expected, since the swelling ca-
pacity of PPS was only half that of SSG (5.5 and 11.4 mg KRB absorbed to 
1 mg dry powder, respectively). The PPS particles have a rougher surface 
than, and do not flow as easily as, SSG which probably caused imperfections 
in the hydrophobic film and subsequently increased the contact area with the 
fluid. However, the surface coverage should still represent the highest degree 
that can be obtained using this method.   



Key findings 

 48 

 
Figure 17. The tensile work obtained after different contact times with pure SSG 
(�), pure PPS (� ), and magnesium stearate-covered SSG (�) and PPS (�). The error 
bars represent the standard deviations of 10 measurements.  

The results shown in Figure 17 cannot be used to predict whether SSG or 
PPS is the better mucoadhesive agent. While SSG has a good swelling ca-
pacity and creates a rigid gel that is likely to increase the residence time in 
the nasal cavity, its swelling is very rapid and the slower water absorption by 
PPS could possibly result in prolonged mucoadhesion [169], even though the 
gel is softer than SSG. The results do, however, show that the effect of hy-
drophobic surface coverage is very short and should be negligible for muco-
adhesion in vivo. New uncovered surface areas will appear as the particles 
begin to swell and the fluid absorption can continue rapidly. If the residence 
time is measured for the original powder material, it should therefore be safe 
to assume that it will not change after the creation of an interactive mixture.  

4.4. Investigation of physicochemical interactions 
A suspicion was raised during the in vitro study (Paper II) that the cationic 
compound DHE may have interacted with the anionic gel formed by SSG, 
preventing it from being absorbed. Interactions between anionic gels and 
surfactants are well known; see for example the review by Hansson [170].  

Interactions between disintegrants and drug substances can occur through 
ion exchange, lipophilic interactions or a combination of these if the sub-
stance for example is surface active. Strong surfactants are known to aggre-
gate within the gel structure above the critical aggregation concentration 
(cac), which generally occurs below their critical micelle concentration 
(cmc). The binding of drugs with different physicochemical characteristics, 
i.e., charge and lipophilicity, was therefore evaluated in Paper IV using SSG, 
PPS, croscarmellose sodium (CCS) and crospovidone (CPP). The objective 
was to investigate which characteristics were of importance and whether the 
interactions could affect in vivo absorption. 
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4.4.1. Binding and release at different salt concentrations 
The binding results, expressed as the amount of model compound (μmol) 
bound per dry weight of the disintegrant (g), are summarised in Table 4. 
Only the cationic substances were bound to the anionic superdisintegrants 
SSG and CCS. The degree of binding was as high for the most hydrophilic 
compound atenolol as for the more lipophilic substances alprenolol, diphen-
hydramine and verapamil (Table 2). This indicates that the driving force 
behind the binding was primarily ion exchange. Amitriptyline has a more 
pronounced lipophilic structure (Table 2 and Figure 9) and, correspondingly, 
was bound to a significantly higher degree to the two anionic gels. However, 
it could not be compared with the surfactant CPC, which was almost com-
pletely absorbed by SSG (only 1.7 ± 0.1% remained in the supernatant). The 
binding of CPC to CCS is probably higher than indicated in Table 4, but it 
was not possible to measure the true concentration because of aggregates 
formed between CPC and soluble parts of CCS that created an opaque solu-
tion and increased the UV-absorption.  

The results are shown for the 2 mM drug solution in this summary; bind-
ing from the 0.2 mM solution was in accordance with the higher concentra-
tion, which suggests that the cac was not reached for the amphiphilic drug 
substances and that cooperative binding had already occurred at 0.2 mM for 
CPC.  

Table 4. The binding of the compounds to the disintegrants at low and high salt 
concentrations in the buffer solution, expressed as the number of moles of the sub-
stance bound per dry weight of the disintegrant (means ±  S.D.). 

SSG (μmol/g) CCS (μmol/g) PPS (μmol/g) CPP (μmol/g) 
Substance Low High Low High Low High Low High 

Sodium salicylate -19±18 − 1±7 − 25±14 − 14±6 − 

Naproxen -18±7 − -16±3 − 15±6 − 16±5 − 

Methylparaben 3±9 − 19±4 − 16±7 − 65±1 − 

Ethylparaben 28±8 − 25±6 − 12±12 − 72±19 − 

Propylparaben 32±2 3±2 47±3 7±19 45±9 15±4 144±2 117±5 

Atenolol 227±6 − 330±7 − 13±2 − 6±6 − 

Alprenolol 160±7 − 319±2 − 22±6 − 10±2 − 

Diphenhydramine 188±3 24±5 342±10 11±15 35±8 6±8 7±2 7±3 

Verapamil 164±10 − 414±3 − 17±14 − 6±14 − 

Amitriptyline 358±13 88±23 543±4 21±5 50±13 -2±6 23±30 0±2 

CPC 611±4 529±9 428±13a 494±35a 559±5 86±19 -1±6 -4±7 

Low and high indicate the salt concentration in the buffer solution, where low is 5 mM and 
high is 150 mM, i.e., 5 mM TB + 145 mM NaCl.  
aThe values are probably overestimated because of an opaque supernatant.  
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CPC even interacted with the unsubstituted and uncharged PPS (Table 4) at 
the low salt concentration. This interaction was most likely caused by a 
small degree of charged groups or impurities within PPS, since it was not 
apparent at higher salt concentrations. No such interactions were seen with 
the neutral superdisintegrant CPP. An interaction was, instead, noted be-
tween CPP and the lipophilic substances; binding was most extensive with 
the most lipophilic compound, propylparaben (Table 4).   

The addition of salt to the 5 mM TB led, as one would expect with ion 
exchange interactions, to a substantial reduction in the amount of cationic 
substance bound to the anionic disintegrant (Table 4). CPC binding was not 
erased by a higher salt concentration, which is a further indication that the 
binding was cooperative. The effect of the addition of salt on the ion ex-
change interactions was most pronounced at lower salt concentrations, as can 
be seen in Figure 18a, where the binding of diphenhydramine to SSG has 
been studied at increasing salt concentrations. TB is a monovalent buffer and 
to evaluate possible effects of divalent ions, the binding was also studied at 
the same pH in phosphate buffered saline (PBS) and KRB supplemented 
with ions such as Ca2+, which was the buffer used in Papers II and III. The 
binding of CPC was slightly, but significantly, reduced in KRB whereas the 
other compounds were unaffected by the choice of buffer at this high salt 
concentration (Figure 18b, unpublished data). 

Comparison of the release of naproxen with that of diphenhydramine 
from SSG exemplifies the importance of the salt concentration. The time 
until 25% drug release in 5 mM TB was almost ten times longer for diphen-
hydramine than for naproxen. The apparent diffusion coefficients were 
11.5 ± 1.6·10-6 and 1.52 ± 0.1·10-6 cm2/s for naproxen and diphenhydramine, 
respectively. The release of diphenhydramine was, however, significantly 
increased when the 5 mM TB was supplemented with 145 mM NaCl and a 
Dapp of 5.2 ± 1.2·10-6 cm2/s was obtained.  

 
Figure 18. The effect of salt concentration (A) and buffer solution (B) on the bind-
ing to SSG. A) The effect of increasing salt concentration on the binding of diphen-
hydramine in 5 mM TB. B) The effect of buffer solution on the binding of diphen-
hydramine (�), amitriptyline (�) and CPC (�).  
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4.4.2. In vivo correlations and effect in vitro 
Binding to CPC was strongly cooperative and was not eradicated by in-
creased salt concentrations. The amphiphilic drug substances were, however, 
not surface active enough to reach the cac and achieve such strong interac-
tions. The most lipophilic of the compounds, amitriptyline (Table 2), has a 
cmc of 25 mM at 150 mM NaCl [171], compared with the cmc of 0.79 mM 
for CPC already at 100 mM NaCl [172]. Although the lipophilicity of the 
compounds should be comparable (Table 2), the rigidity of the drug sub-
stance is likely to reduce its ability to aggregate.  

A binding of 100 μmol/g, which is the approximate maximum amount ob-
tained for the lipophilic or ion exchange interactions at physiological salt 
concentrations, would correspond to �1μg of a small molecular compound 
(MW�500 g/mol) being bound to 20 mg disintegrant. The dose must thus 
either be very low or the amount of disintegrant very high for this to affect in 
vivo absorption. The release of the compound may be somewhat delayed by 
remaining ionic interactions. However, the gel will be spread over a larger 
surface area in vivo and the release will therefore be quicker than in the in 
vitro experiments. The carrier particles in interactive mixtures will further-
more not need to be fully hydrated before the drug compound can be re-
leased as the drug is only deposited on the surface. The results of the in vitro 
experiments can therefore be seen as a worst-case scenario for the in vivo 
release profile.  

The results of in vitro experiments can, nevertheless, be greatly affected if 
pure water is used, as only a small amount of salt is necessary to give a sub-
stantial decrease in the binding of ionic substances. SSG may contain up to 
7% NaCl [59] and the amount of salt can vary from batch to batch and al-
most certainly between the different brands [60]. In vitro experiments should 
therefore preferably be performed at physiological salt concentrations to 
avoid unnecessary variations. 
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4.5. Clinical trial 
The effect of SSG as carrier material on the nasal absorption of desmo-
pressin was investigated in a clinical trial (Paper V). The absorption of des-
mopressin from the nasal powder formulation was compared with its absorp-
tion from the novel sublingual tablet and from a commercial nasal liquid 
spray. The nasal powder formulation had a median particle size of 33.4 μm; 
90% of the particles were smaller than 61.9 μm and 10% were smaller than 
18.7 μm, less than 1.5% of the particles were below 10 μm. The particle size 
was not significantly affected by elevated storage conditions (40º C and 75% 
RH), but the delivery efficiency was decreased to 91.7% after ten weeks 
storage, compared with the original 99.5% delivery; the powder devices 
should therefore be stored in a dry environment. Each powder device was 
filled with 11.76 ± 0.59 mg powder containing 20 μg of desmopressin ace-
tate. Carbomer-containing tablets could be created by direct compression in 
a small size suitable for sublingual administration (∅ 6 mm). Each sublin-
gual tablet contained 250 μg desmopressin acetate.     

The data from the nasal liquid spray and sublingual tablet are based on 
13 observations, whereas the results from the powder spray were obtained 
from 11 volunteers; one of the volunteers dropped out of the study before 
receiving the powder spray and one did not feel the powder administration, 
indicating that it was not delivered properly, especially since there was no 
significant increase in the plasma concentration of desmopressin in this per-
son. There were no serious adverse events nor cases of sneezing reported 
after drug administration. 

 

Table 5. Summary of the pharmacokinetics of desmopressin delivered by intranasal 
(I.N.) powder or spray, or sublingual (S.L.) tablet. (Arithmetic means (S.D.)) 

Dosage 
form 

AUC0-12 h  
(pg h/mL) 

AUC∞  
(pg h/mL) 

Cmax 
(pg/mL) 

tmax
 

(min)a
 

t½ 
(min) 

I.N. liquid 
sprayb 

125.6 
(71.7) 

135.4  
(73.7) 

34.1  
(20.0) 

45  
(10-90) 

162.1 
(31.3) 

I.N. pow-
der sprayc 

353.9 
(113.3) 

372.0 
(122.0) 

103.3  
(30.8) 

45  
(30-90) 

165.6 
(32.8) 

S.L. tabletb 60.7  
(27.4) 

67.4  
(25.6) 

17.9  
(7.5) 

91.8  
(30-180) 

126.3 
(28.1) 

aMedian values with the range within parentheses.  
bn = 13  
cn = 11  
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4.5.1. In vivo absorption of desmopressin 
The plasma desmopressin concentration-time profiles are presented in 
Figure 19 and other pharmacokinetic parameters are given in Table 5. 
Plasma desmopressin concentrations (AUC0-12 h, AUC� and Cmax) after the 
sublingual tablet were significantly lower than those after the nasal liquid 
spray (p <0.001) The median tmax was significantly longer after sublingual 
administration (p <0.001), which is to be expected considering the differ-
ences in mucosal constitution. Given the higher dose, the bioavailability 
would be approximately 25 times lower from the sublingual tablet than from 
the nasal liquid spray. Plasma desmopressin concentrations of approximately 
the same magnitude as those measured here have been obtained after sublin-
gual administration previously [173, 174], but absorption was not enhanced 
with the novel formulation. The sublingual formulation could be further 
improved by decreasing its disintegration time, since this was noticed as a 
disadvantage with the formulation. Carbomer has been associated with both 
facilitated paracellular absorption and reduced enzymatic degradation [157], 
but it is not possible to draw any conclusions regarding its effect on the ab-
sorption from the sublingual tablet as it was most likely counteracted by a 
poor dissolution. The advantage of the tablet was rather that it could be pro-
duced by direct compression after dry mixing of desmopressin and the car-
rier mannitol instead of by more costly methods such as lyophilisation.  

The absorption of desmopressin (AUC0-12 h, AUC� and Cmax) from the na-
sal powder formulation was significantly more extensive than from the liq-
uid formulation (p <0.0001). The median tmax was comparatively long for 
nasal delivery (45 min), probably because of the size of the molecule, as the 
same tmax was obtained for both the powder and the liquid formulation. The 
geometric means showed that absorption from the nasal powder spray was  
 

 
Figure 19. Plasma pharmacokinetics after administration of desmopressin in the 
commercial nasal liquid spray (�, n = 13), the nasal powder spray (�, n = 11) or the 
sublingual tablet (�, n = 13). Mean values +S.D..   
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three times higher than from the nasal liquid spray. The bioavailability of the 
liquid spray is documented as 3-5% [74], which indicates that the bioavail-
ability of the powder formulation lies between 9% and 15%. Higher 
bioavailabilities from nasal liquid sprays have been reported in the scientific 
literature; one of the most commonly cited is 11.3%  [175], which would 
correspond to 30% bioavailability from the powder formulation.  

The results of previous studies have shown that an increased residence 
time alone is not enough to increase the absorption of desmopressin [106, 
107]. The increased absorption from the nasal powder formulation was thus 
most likely achieved by a combination of three factors: (1) improved deposi-
tion in the nasal cavity compared with a liquid, which could run straight 
down the oesophagus; (2) prolonged residence time in the nasal cavity; and 
(3) facilitated paracellular absorption, probably as a result of a temporary 
opening of the tight junctions caused by dehydration of the epithelial cells 
[109].  

The in vivo results support the assumptions made in Papers II and IV. The 
evaluation of the powder formulation in Paper II was likely negatively af-
fected by methodological shortcomings and the supposition that ion ex-
change interactions should be negligible at physiological salt concentrations 
in vivo, is strengthened by the extensive absorption of the positively charged, 
low dose peptide in the clinical trial.  

The variability in the absorption of desmopressin is a further area in need 
of improvement, as discussed in the introduction (Section 1.5.1). The coeffi-
cient of variation is usually used to express variability despite the log normal 
distribution of the pharmacokinetic parameters. In this study, the CV tended 
to be lower after administration of the nasal powder spray (32.0 and 29.8% 
for AUC0-12 h and Cmax, respectively) than after either the nasal liquid spray 
(57.1 and 58.5%) or the sublingual tablet (45.1 and 42.0%). However, the 
differences were not statistically significant, as was shown by comparing the 
standard deviations of the logarithmic values [158]. 

There did not seem to be an individual inclination for enhanced uptake of 
desmopressin, as high absorption from one formulation did not automatically 
mean high absorption from another (Figure 20). As can also be seen in 
Figure 20, there seemed to be more extensive absorption from the powder 
formulation in female volunteers. Indications of differences in the absorption 
of desmopressin correlated with formulation and gender, but not with gender 
alone, have been reported previously [77]. However, it was not within the 
scope of this study to evaluate gender-related differences and, as both the 
number of observations and the age (the female volunteers were in general 
younger than the male volunteers) differed between the groups, it is not pos-
sible to draw any conclusions regarding these effects.   
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Figure 20. The individual values of desmopressin AUC0-12h for female (A) and male 
(B) volunteers receiving different dosage forms.  

4.5.2. Volunteers’ opinions 
The volunteers were more familiar with nasal sprays than with sublingual 
tablets; 12 persons reported that they had used nasal sprays before and 2 
reported that they had used sublingual tablets. The nasal powder spray was 
deemed more unpleasant than the nasal liquid spray. The subjective sensa-
tions associated with the nasal dosage forms were temporary, lasting for 
approximately 3 min for both formulations. Administration of the sublingual 
tablet was perceived as simple and its major drawback was reported to be 
that it disintegrated too slowly.  

Of the volunteers who received all three formulations, 2 stated that the 
nasal liquid spray was their preferred alternative, 2 chose the sublingual tab-
let and 3 chose the nasal powder spray. Unfortunately, 4 volunteers only 
stated that their preferred alternative was a “nasal spray” without specifying 
if they meant the liquid or powder form; it was also not possible to deter-
mine the preferred alternative from the reasons given for the choice. The 
main reasons for choosing a nasal spray seemed to be that administration 
was fast and simple. The volunteers who preferred the powder spray also all 
acknowledged that it did not run down your throat, which strengthens the 
assumption that improved deposition in the nasal cavity was one of the rea-
sons for improved absorption.  
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5. Concluding remarks  

The results presented in this thesis show that currently available mucoadhe-
sive carrier particles can be used to create dry powder formulations for nasal 
drug delivery and that the bioavailability of drugs can be significantly im-
proved with the powder formulation in comparison with a liquid spray.  

More specifically, it was shown that interactive mixtures can be created 
with mucoadhesive carrier particles of approximately 30 μm in diameter. A 
simplified method for evaluating the mucoadhesion of dry particle systems 
was successfully developed; it showed that the surface coverage of the mu-
coadhesive carrier led to a very short delay in the swelling of the particles 
that should not affect mucoadhesion in vivo. Furthermore, ion exchange in-
teractions between cationic drugs and the anionic gel formed by SSG were 
low at physiological salt concentrations and appeared to be insignificant for 
the absorption in vivo. However, in vitro studies may be greatly affected by 
the interactions if a solution with low salt concentration is used.  

While the in vitro study in horizontal Ussing chambers found no differ-
ences in the uptake of DHE between the nasal powder formulation and a 
liquid, the clinical trial demonstrated significantly improved systemic uptake 
of the peptide drug desmopressin in the nasal powder spray formulation ver-
sus a nasal liquid spray and a sublingual tablet. The in vitro method seems to 
be unsuitable for a powder with extensive swelling capacity; a more interest-
ing result was that the in vitro transfer of DHE was significantly higher 
across olfactory mucosa than across nasal respiratory mucosa.  

The significantly improved absorption of desmopressin from the nasal 
powder spray compared with the nasal liquid spray was not associated with a 
delayed absorption. The dosage forms were well accepted by the volunteers 
in the clinical trial. This is one of few studies that actually show the effect of 
dry powder formulations administered to human subjects. The improved 
bioavailability obtained in the in vivo study was probably caused by a com-
bination of improved deposition, prolonged residence time and enhanced 
paracellular uptake. 
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6. Future outlook 

The delivery system investigated here provides a new method of producing 
powder formulations for nasal drug delivery that should be applicable for 
large-scale production. The particle size of the formulation is determined by 
the size of the mucoadhesive carrier; the risk of pulmonary deposition can 
thus be reduced by removing carrier particles below 10 μm in advance by air 
classification or other means. If the carrier particles are too large, they may 
need further classification or size reduction to achieve beneficial distribution 
in the nasal cavity.    

The small amount of drug that can be administered by nasal administra-
tion limits the number of drugs that can be delivered by this route. With the 
formulation studied in this work, the drug amount in the powder spray would 
be restricted to approximately 2 mg, depending on the surface coverage 
achieved and the total amount of powder in each spray dose. On the other 
hand, the powder formulation is intended to improve the absorption, which 
will subsequently reduce the drug amount needed. The 12 mg powder dose 
in Paper V was perceived as more irritating than the liquid equivalent; yet, 
the sensation was only felt for a short time and was not irritating enough to 
induce sneezing in any of the volunteers. A powder of lower swelling capac-
ity would probably be less irritating. The irritation of the powder must also 
be compared with the possible drawbacks of a liquid formulation. The pow-
der formulation has the advantage over a bad tasting liquid spray of not run-
ning down the throat.  

A generally positive attitude towards trying new dosage forms such as na-
sal powder sprays and sublingual tablets was revealed in a qualitative survey 
of the opinions of 20 migraine patients on different dosage forms [176]. An 
administration technique that is simple and discreet, and assurance that the 
same effect will always be obtained, were mentioned as important factors by 
the patients. A nasal powder spray may well fulfil these requirements, as it 
can be taken at any time, independent of nausea or water access and, as also 
seen in Paper V, could decrease variability in the extent of absorption as well 
as the possible bad taste caused by the liquid running down the oesophagus. 
An interesting continuation would be to investigate prescribing physicians’ 
views on different dosage forms and their willingness to inform their patients 
of the available alternatives.  

There may be many reasons for choosing nasal administration. In my 
opinion, it is best to make use of at least one of the advantages with the ad-
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ministration route, that is attempt to achieve a faster effect or a higher 
bioavailability than obtainable with oral administration or a more convenient 
administration than, for example, injections. The presented powder formula-
tion could facilitate faster absorption as the active component is deposited on 
the surface of the carrier. The release of the drug is therefore not dependent 
on the full hydration of the carrier particles and subsequent diffusion to the 
mucosa.  

Potential therapeutic areas for application of this formulation would, for 
example, include pain, nausea or insomnia. The nasal powder spray formula-
tion would also be suitable for drugs that are unstable in solution and/or 
poorly absorbed, such as peptide drugs. It would be interesting to compare 
the positive effects achieved with the peptide formulation in this work with 
the effects of an interactive mixture containing SSG and a micronised pow-
der of, for example, an antimigraine drug. The possibility of using other 
mucoadhesive carrier materials, such as unsubstituted starch or chitosan, 
would also be worth investigating both concerning the subjective sensations 
associated with the spray dose and their effect on drug absorption. 
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7. Populärvetenskaplig sammanfattning 

Många av oss har använt nässprejer för lokal effekt mot nästäppa. Ytterligare 
några har kanske använt nässprejer för effekt ute i kroppen som ett alternativ 
till tabletter, till exempel mot migrän eller under en hormonbehandling. I den 
här avhandlingen beskrivs en ny pulversprej från inledande undersökningar 
till en studie i människa som visade att pulvret ökade upptaget av ett läke-
medel mot inkontinens i jämförelse med den vanliga flytande nässprejen.  

Mediciner som sväljs måste först stå emot nedbrytning i mage och tarm 
och därefter i levern, som är kroppens främsta organ för nedbrytning av sub-
stanser. Den del av substansen som inte bryts ned kan fortsätta ut i kroppen 
och utöva sin effekt. Nässprejer ger generellt både ett snabbt och högt upptag 
av den aktiva substansen, eftersom den tas upp över den tunna nässlemhin-
nan och åker direkt ut i kroppen utan att först passera levern. Fördelaktiga 
användningsområden för nässprejer är därför där en snabb effekt är fördelak-
tig (till exempel i behandling mot smärta, illamående eller sömnsvårigheter) 
eller för aktiva substanser som har dåligt upptag från mage och tarm, som 
exempelvis peptidläkemedel (hormoner). 

Det finns en del nackdelar med flytande nässprejer. En stor del av voly-
men i en flytande sprejdos riskerar till exempel att försvinna direkt ned i 
svaljet, vilket både kan ge en bitter smak och göra att upptaget av den aktiva 
substansen försämras. En pulversprej skulle kunna förbättra läkemedelsupp-
taget eftersom chansen är större att hela dosen blir kvar i näshålan. Används 
dessutom ett pulver, som kan suga åt sig vätska, kan det fastna på den fukti-
ga slemhinnan och leda till längre uppehållstid i näshålan och bättre upptag.  

Den här avhandlingen visar att en pulversprej kan tillverkas genom att 
blanda ett pulver med partiklar i storleksordningen 30 μm, som har förmågan 
att ta upp vätska, med ungefär tio gånger mindre partiklar av den aktiva sub-
stansen. Substansen kan då fastna på ytan av de större bärarpartiklarna och 
bilda en så kallad interaktiv blandning. Pulverblandningen utvärderades på 
olika sätt för att undersöka dess funktionalitet. I det sista steget sattes ett 
peptidläkemedel mot inkontinens (desmopressin, Minirin®) på ytan av bärar-
partiklarna. Pulversprejen jämfördes med en flytande nässprej i en klinisk 
studie med friska frivilliga försökspersoner. Upptaget visade sig vara lika 
snabbt och tre gånger högre från pulvret än från den flytande sprejen. Till-
verkningen av pulversprejen är relativt enkel, eftersom färdiga bärarpar-
tiklar, som normalt används i tabletter, används. Pulversprejen skulle kunna 
bli ett nytt sätt att förbättra upptaget av flera olika aktiva substanser. 
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