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1 Introduction 

1.1 English 

Testosterone replacement therapy still lacks a widely accepted drug delivery system. The 

systems currently used are either not very efficient (i.e. they have a very low bioavailability) 

or they are not convenient to use and they do not foster compliance of the patient.  

Other systems like patches, gels and injections are not very much accepted by the patient. It 

seems obvious that carrying a patch for 24 hours is not a convenient approach. The same is 

valid for injections which need to be administered every 2 to 4 weeks. Generally, oral drug 

delivery systems are the most accepted ones.  

Oral delivery is basically convenient to use but the testosterone system marketed is –from 

the patient’s point of view – a sub-optimal solution: 2 capsules need to be taken several 

times a day. A meal has to be eaten every time with the medication.  

In recent years there have been many promising developments in the nanoparticulate field. 

Some systems (i.e. solid lipid nanoparticles and drug nanosuspensions) increased oral 

bioavailability tremendously for some drugs (Liversidge & Cundy, 1995; Hanafy et al., 2007).  

Developing a nanoparticulate oral testosterone drug delivery system seemed promising, 

especially taking into account the lymphatic absorption of both lipid nanoparticles and 

nanosuspensions which corresponds to the same pathway as the commercial oral delivery 

system. 

 First aim was to develop one or more oral testosterone drug delivery systems which are 

superior in bioavailability and hence are beneficial for the patient. The second aim was to 

establish an in vivo testing system to evaluate the developed systems with regard to their 

pharmacokinetic parameters.  

Another goal was the design of fish oil-based lipid nanocarriers with a reduced smell and 

taste but improved stability. 
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1.2 Français 

Il n’existe pas actuellement de système optimisé et largement accepté pour la thérapeutique 

de substitution à base de testostérone. Les formes pharmaceutiques de testostérone 

aujourd’hui commercialisées sont peu efficientes (leur biodisponibilité orale est faible) ou 

difficiles d’utilisation ce qui entraîne des problèmes d’observance chez les patients. 

Les autres systèmes comme les dispositifs transdermiques, les gels voire les systèmes 

injectables sont peu appréciés par les patients. Dans le cas de la testostérone, le port d’un 

dispositif transdermique pendant 24 heures est généralement difficilement accepté par les 

malades. Le même réflexe est observé pour les injections même si le rythme 

d’administration est plus lent (toutes les 2 à 4 semaines). Il est reconnu que les systèmes de 

délivrance pour la voie orale sont, encore aujourd’hui, les mieux acceptés. 

L’administration orale est très pratique mais les formes pharmaceutiques de testostérone 

représentent une solution non optimale du point de vue du patient. En effet, il est 

nécessaire d’ingérer 2 capsules molles jusqu’à plusieurs fois par jour. De plus un repas doit 

être pris en même temps que la médication. 

Ces dernières années ont vu le développement prometteur des formes nanoparticulaires. 

Quelques uns de ces systèmes (et notamment les nanoparticules lipidiques solides et les 

nanosuspensions de principe actif) ont permis d’augmenter de façon très importante la 

biodisponibilité des principes actifs incorporés (Liversidge & Cundy, 1995; Hanafy et al., 

2007).  

Il nous est apparu que le développement d’une forme nanoparticulaire de testostérone, 

destinée à la voie orale, correspondait à un système prometteur particulièrement si on 

prend en compte l’absorption lymphatique préférentielle des lipides et des nanosuspensions 

qui correspondent au même type de passage que la forme pharmaceutique actuellement 

commercialisée. 

Le but de ce travail a été de développer un ou plusieurs systèmes de délivrance orale de la 

testostérone dont la biodisponibilité serait supérieure et, en conséquence, profitable au 

patient d’un point de vue thérapeutique. L’autre objectif était le développement d’un 
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modèle animal permettant d’évaluer in vivo les systèmes développés et notamment de 

comparer les paramètres pharmacocinétiques entre les nouveaux systèmes et la forme 

actuellement commercialisée. 

Parallèlement, un autre travail a été conduit dans le but de réaliser des nanoparticules 

lipidiques à base d’huile de poisson afin d’en réduire le goût et l’odeur tout en améliorant 

leur stabilité. Les huiles de poisson sont en effet une source importante d’acides oméga 3 

dont l’utilisation thérapeutique pourrait être étendue.  
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1.3 Deutsch 

Der Testosteronsubstitutionstherapie fehlt immer noch ein Arzneistoffträgersystem das 

allgemein akzeptiert wird. Die zurzeit verwendeten System sind entweder wenig effizient 

(das heißt die haben eine geringe Bioverfügbarkeit) oder sie sind unkomfortabel in der 

Anwendung und förder damit nicht die Compliance des Patienten. 

Andere System wie Pflaster, Gele und Injektionen werden vom Patienten kaum akzeptiert. 

Das Tragen eines Pflasters für 24 Stunden ist offensichtlich kein bequemer Weg. Das gleiche 

gilt für Injektionen die alle 2 bis 4 Wochen appliziert werden. Die orale Arzneiform ist 

generell die am meisten akzeptierte. 

Oral Trägersysteme sind grundsätzlich einfach anzuwenden, doch ist die auf dem Markt 

verfügbare Form nur suboptimal: Zwei Kapseln müssen mehrmals täglich eingenommen 

werden und das zusammenmit einer Mahlzeit. 

In den letzten Jahren gab es einige vielversprechende Entwicklungen im Bereich der 

Nanopartikel. Einige Systeme (Solid Lipid Nanopartikel und Nanosuspensionen) erhöhen die 

Bioverfügbarkeit für einigen Arzneistoffe enorm (Liversidge & Cundy, 1995; Hanafy et al., 

2007). 

Die Entwicklung eines oralen Testosteronarzneiträgersystems schien vielversprechend, 

insbesondere wenn man bedenkt, dass Lipidnanopartikel und Nanosuspensionen ebenso 

lymphatisch aufgenommen werden, wie das System, das schon auf dem Markt ist.  

Das erste Ziel war also die Entwicklung eines oder mehrerer Arzneistoffträgersysteme mit 

einer erhöhtem Bioverfügbarkeit, welches damit vorteilhaft für den Patienten ist. Das zweite 

Ziel war die Etablierung eines in vivo-Testsystem, um die entwickelten System in Hinblick auf 

ihre pharmakokinetischen Parameter bewerten zu können.  

Ein weiteres Ziel war das Design von Fischöl-basierten Lipidnanopartikel mit geringem 

Eigengeruch und –Geschmack und hoher Stabilität.   
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2 Lipid carriers: state of the art 

Parts of this section have been published in Drug Delivery and Industrial Pharmacy “Lipid 

Nanoparticles with a solid matrix” (Muchow, Maincent & Müller, 2008). 

2.1 Overview: Lipid nanoparticles for oral drug delivery 

Lipid based drug delivery systems gained increased attention during the last years1. Lipids 

are known to promote oral absorption of drugs (Charman et al., 1992; Charman, Porter, 

Mithani & Dressman, 1997; Charman, 2000; Porter & Charman, 2001b; Stuchlik & Zak, 2001; 

Holm, Porter, Mullertz, Kristensen & Charman, 2002). Vitamins, such as vitamin A and E are 

better absorbed in the presence of fats/lipids (Kuksis, 1987). There are quite a number of 

drugs for which an increased oral bioavailability is reported when they are administered in 

the presence of fat-rich food. Examples are testosterone and halofantrine (Charman & 

Porter, 1996; Porter, Charman, Humberstone & Charman, 1996; Khoo, Porter & Charman, 

2000; Porter & Charman, 2001a; Holm, Porter, Mullertz, Kristensen & Charman, 2002; Khoo, 

Shackleford, Porter, Edwards & Charman, 2003; Shackleford et al., 2003). An excellent model 

drug to demonstrate this - which is at the same time of high commercial interest - is 

Cyclosporin A. Delivery of Cyclosporin A in form of a microemulsion (Sandimmun® 

Optoral/Neoral), the second generation product by Novartis, distinctly reduced the variation 

in bioavailability which was a major problem of the classic Sandimmun® emulsion. However, 

an undesired plasma peak occurred which is being held responsible for side effects such as 

nephrotoxicity (Martindale, 1989).  

In a comparative in vivo study Cyclosporin A was administered as a drug nanocrystal 

suspension (so called “nanosuspension”) and incorporated into solid lipid nanoparticles 

(SLN). Nanocrystals consist of 100% drug without any matrix material. The increases in oral 

bioavailability reported for drug nanocrystals are really impressive for certain drugs. An 

example is the increase in absolute bioavailability for the drug danazol  from 5.1 ± 1.9% as a 

normal suspension to 82.3 ± 10.1% as a drug nanosuspension (Liversidge & Cundy, 1995). In 

                                                 
1 AAPS Lipid-Based Drug Delivery Systems Focus Group: www.aaps.org/inside/focus_groups/Lipid/ 
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contrast to this literature data, the results of the Cyclosporin A nanosuspension study were 

disappointing; the oral bioavailability was very low and far away from the required 

pharmacological levels (Müller, Runge & Ravelli, 1998; Runge, 1998; Penkler, Müller, Runge 

& Ravelli, 1999, 2003; Müller et al., 2006). 

However, this first in vivo animal study of Cyclosporin A-loaded solid lipid nanoparticles 

(SLN) confirmed the theory of an absorption-enhancing effect of lipids. The oil used in 

Sandimmun® Optoral/Neoral was replaced by a solid lipid. The lipid particles were already 

administered in the nanosize range (in contrast to in situ generation of a nanosized 

microemulsion by breaking in the stomach as in the commercial formulation). The 

Cyclosporin A-loaded SLN showed a sufficiently high oral bioavailability, they remained 

within the therapeutic window equally long as the Sandimmun® Optoral/Neoral 

microemulsion formulation. However, they avoided the nephrotoxic peak above 1000 ng/ml 

due to controlled release from the solid lipid (Runge, 1998; Müller et al., 2006). This in vivo 

study demonstrates, that lipids can enhance oral bioavailability and that drug nanocrystals 

without lipids being present can potentially be of limited effect. 

SLN were developed in the beginning of the 1990ies. Their characteristic property is that 

they are made from a solid lipid only (Gasco, 1993; zur Mühlen, Schwarz, Mehnert & Müller, 

1993; Müller & Lucks, 1996). At the turn of the millennium the second generation, 

nanostructured lipid carriers (NLC), was developed (Müller, Mäder, Lippacher & Jenning, 

2000). Identical to SLN, the particle matrix is still solid at body temperature, but is produced 

from a blend of a solid lipid with a liquid lipid (= oil) leading to certain advantages compared 

to SLN. 

SLN and NLC can incorporate only lipophilic molecules efficiently. Loading with hydrophilic 

molecules can only be achieved to a very low extent by solubilisation in the lipid melt. This 

limits the use of SLN and NLC to very potent/low dose lipophilic drugs such as erythropoietin 

(EPO) or other potent peptides. Lysozyme was successfully incorporated as “model peptide” 

(Almeida, Runge & Müller, 1997). From this point, there was a definite need to create a lipid 

nano-delivery system for highly dosed hydrophilic actives having a substantial loading 

capacity (e.g. up to 30%) and exploiting the oral absorption enhancing effect of solid lipids. 
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An approach for improved oral drug delivery of hydrophilic molecules is the formation of 

lipid drug conjugates (LDC). Many hydrophilic drugs show a poor oral bioavailability due to 

their explicit hydrophilic character. The lipophilicity of the molecules is not high enough to 

sufficiently pass the gastrointestinal wall. Transferring them to a lipid drug conjugate and 

forming a nanoparticle has three major effects:  

1. in case of chemically labile drugs: Transfer to an insoluble molecule/particle reduces 

distinctly the gastrointestinal enzymatic/non-enzymatic degradation,  

2. due to the increase in lipophilicity the drug shows an improved permeation through 

the gastrointestinal wall, and 

3. oral absorption is promoted by the matrix lipids present in the LDC nanoparticles 

The presence of lipids in the absorption process (SLN, NLC, LDC) or transfer of hydrophilic 

molecules to more lipophilic molecules by conjugation (LDC) can generally increase the oral 

absorption. The lipid absorption enhancing effect can even be more pronounced when 

combining lipid technology with nanotechnology, which is creating lipidic solid 

nanoparticles. This section deals with the production, characterisation and performance of 

various types of lipid nanoparticles with a solid matrix, which are:  

1. Solid lipid nanoparticles (SLN),  

2. Nanostructured lipid carriers (NLC) and the 

3. Lipid drug conjugate (LDC) nanoparticles 

 

2.2 Definitions 

There are basically three different types of lipid nanoparticles with a solid matrix: Solid lipid 

nanoparticles (SLN), nanostructured lipid carriers (NLC), and lipid-drug conjugate (LDC) 

nanoparticles. 
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2.2.1 Solid Lipid Nanoparticles (SLN) 

SLN are particles made from a lipid being solid at room temperature and also at body 

temperature. The starting material is solely a solid lipid, e.g. Dynasan 112 (zur Mühlen, 

Schwarz & Mehnert, 1998) or other lipids such as Compritol 888 ATO (Souto, Mehnert & 

Müller, 2006) or Imwitor 900 (Müller et al., 2006). There are two main production methods 

for SLN: The high pressure homogenisation method (Müller, Schwarz, zur Mühlen & 

Mehnert, 1994; Müller et al., 1995; Müller & Lucks, 1996; Mehnert, zur Mühlen, Dingler, 

Weyhers & Müller, 1997; Müller, Dingler, Weyhers, zur Mühlen & Mehnert, 1997; Müller, 

Weyhers, zur Mühlen, Dingler & Mehnert, 1997; zur Mühlen, Schwarz & Mehnert, 1998; 

Müller, Mäder & Gohla, 2000; Mehnert & Mäder, 2001) and the microemulsion method 

(Cavalli, Caputo & Gasco, 1993; Gasco, 1993). The homogenisation method is described in 

detail in section 2.6 and 2.7 of this thesis. The microemulsion method after Gasco utilizes a 

basic mechanism of microemulsions: They transform into an ultra-fine emulsion by breaking 

(i.e. after addition of e.g. water). During production of the microemulsion the solid lipid is 

melted, the drug is dissolved in the melted solid lipid. Surfactant, co-surfactant and water 

are then added until a hot microemulsion is formed. This hot microemulsion is subsequently 

poured into cold water. The microemulsion breaks and ultrafine emulsion droplets develop 

which immediately crystallize to form solid lipid nanoparticles (SLN) (Gasco, 1993). 

Disadvantages of the microemulsion method are the partially required relatively high 

concentration of surfactants, the organic solvents used to form the microemulsion and the 

strong dilution of the particle suspension by pouring the microemulsion into water. This is 

not very production friendly concerning the subsequent processing to solid oral dosage 

forms (e.g. tablets, pellets etc.) as a lot of water needs to be removed to end up with a dry 

dosage form. However, both production processes – homogenisation and microemulsion 

method – yield an identical product: Solid lipid particles dispersed in an aqueous dispersion 

medium. As described in the patent (Müller & Lucks, 1996), SLN made by high pressure 

homogenisation can also be produced in non-aqueous dispersion media as long as the 

dispersion medium does not dissolve the lipid, e.g. liquid polyethylene glycol (PEG) or oil s 

(e.g. mineral oil).  
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SLN are an interesting delivery system. However, there are some potential limitations: The 

relatively low loading capacity for a number of drugs and potential expulsion of the drug 

during storage. Especially SLN prepared from one highly purified lipid can crystallize in a 

more or less perfect crystalline lattice. Such a perfect crystalline structure leaves little room 

for the incorporation of drugs. Usually, drugs are incorporated between the fatty acid 

chains, alternatively in between lipid layers or in amorphous clusters in crystal 

imperfections. The more perfect densely packed the crystal is, the fewer drug can be 

incorporated.  

After production, SLN crystallize in high energetic lipid modifications such as α and β’. During 

storage the lipid molecules undergo a time-dependent re-structuring process leading to 

formation of the low energetic modifications βi and β. Consequently, the more perfect lipid 

crystalline structure leads to expulsion of drug (Westesen, Bunjes & Koch, 1997). This 

phenomenon has been well known for a long time from suppositories (Müller B. W., 1986).  

2.2.2 Nanostructured Lipid Carriers (NLC) 

To overcome these limitations, nanostructured lipid carriers (NLC) have been developed (Fig. 

2.1) (Müller, Mäder, Lippacher & Jenning, 2000). Characteristic feature of the NLC is a 

controlled nanostructuring of the lipid particle matrix, i.e. creation of a lipid particle matrix 

as imperfect as possible. To achieve this, spatially very different molecules are mixed. In 

general a solid lipid is mixed with a liquid lipid (oil). This blend is used to produce the lipid 

particles which are still solid at temperatures up to about 40° C.  

It can be summarized that SLN are particles produced from a solid lipid only, NLC are 

particles produced from a blend of solid lipid with a liquid lipid (oil). This results in 

differences of the particle matrix structure. NLC posses many imperfections increasing drug 

loading capacity and minimizing or avoiding drug expulsion during storage. Fig. 2.2 depicts 

this mechanism.  
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Fig 2.1: Graphical overview of the development of lipid nanoparticles 

 

 

Fig. 2.2: Imperfections of the crystal lattice of NLC avoid the expulsion of drugs  
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2.2.3  Lipid-Drug Conjugates (LDC) 

Based on their lipophilic character, SLN and NLC have only a limited loading capacity for 

hydrophilic drugs. This is not a problem in case of highly potent hydrophilic drugs such as 

erythropoietin (EPO): They can be solubilized in the melted lipid matrix using surfactant 

mixtures or just simply by the mono- and digylcerides present in the lipid anyway (e.g. 

Imwitor 900). However, a higher loading capacity was not achievable with this kind of lipid 

nanoparticles. To solve this problem, lipid-drug conjugate (LDC) particles were developed. 

The hydrophilic drug is transformed to a more lipophilic, insoluble molecule by conjugation 

with a lipidic compound. The conjugation can be performed by covalent linkage or simply by 

formation of a salt with a fatty acid (in case of drugs having e.g. protonisable functional 

groups). 

 

The lipid drug conjugates are poorly water-soluble, they typically have a melting range of 

approximately 50-100° C and can be transformed to nanoparticles using a high pressure 

homogenisation method similar to the one described for SLN and NLC. Considering the 

molecular weight of the two fractions in the conjugate molecule, i.e. of the drug itself and 

the lipid part, a drug loading of approximately 30-50% is achievable (e.g. as reported for 

diminazene of about 33% formulated as diminazene diaceturate-acid conjugate with 

palmitic acid/stearic acid (Olbrich, Geßner, Kayser & Müller, 2002)). LDC nanoparticles can 

be made from the conjugated drug only or solid lipids can be additionally admixed to form a 

mixed matrix of LDC and lipid. 

2.3 Loading capacity and drug incorporation mechanisms 

It has to be differentiated between loading capacity and entrapment efficiency. Entrapment 

efficiency is defined as the percentage of drug incorporated into the lipid nanoparticles 

relative to the total drug added. It specifies how many percent of drug are included in the 

particles and how many percent of free drug are still present in the dispersion medium.  

Loading capacity refers to the percentage of drug incorporated into the lipid nanoparticles 

relative to the total weight of the lipidic phase (i.e. lipid + drug). To give an example, we 
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assume a 10 % lipid nanoparticle dispersion (i.e. 10 % lipid, about 1 % surfactant and 89 % 

water). In this case the particle mass is equivalent to 10 %, the particle mass is defined as the 

sum of lipid and drug (= 100 %). If the drug had a loading capacity of 10 % in the lipid phase, 

this would correspond to 1 % in the total aqueous lipid nanoparticle dispersion. 

Entrapment efficiencies in the literature are relatively high. They range from 80 % for the 

drug tetracaine to about 99 % for example for prednisolone (Schwarz, 1995). Of course, 

entrapment efficiency figures might look nice in case only very little drug is added. The more 

important point is the loading capacity of the lipid particles themselves. How many percent 

of drug can be incorporated into the total lipidic mass of the particles? The loading capacity 

depends on the solubility of the drug in the solid lipid (in case of SLN) or the lipid blend (in 

case of NLC). In case of LDC nanoparticles the loading capacity  is determined from the ratio 

of the molecular fractions in the conjugate (e.g. drug and conjugated fatty acid). Examples of 

loading capacities reported for SLN are 1 % for prednisolone (zur Mühlen, Schwarz & 

Mehnert, 1998), 10 % for tetracaine (Schwarz, 1995), 20 % for Cyclosporine A by Runge 

(Runge, 1998), and even 25 % for Cyclosporine A by Radtke (Radtke, 2003). In case of very 

lipophilic compounds and a good solubility in the lipid, loading capacities up to 50 % can be 

achieved (e.g. vitamin E) (Dingler, Blum, Niehus, Müller & Gohla, 1999). 

What are the mechanisms of drug incorporation? There are different models described in 

the literature. The major work has been done by the research group of Mehnert and co-

workers (Müller et al., 1995; Schwarz, 1995; zur Mühlen, 1996; Mehnert, zur Mühlen, 

Dingler, Weyhers & Müller, 1997; Müller, Dingler, Weyhers, zur Mühlen & Mehnert, 1997; 

zur Mühlen & Mehnert, 1998; Mehnert & Mäder, 2001). Basically, there are three 

incorporation models (Fig. 2.3): 

1. Homogenous matrix of solid solution  

2. Core-shell model with drug enriched in the shell (= drug enriched shell) 

3. Core-shell model with drug enriched in the core (= drug enriched core)  
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Fig. 2.3: Incorporation models for the three types of SLN (explanation in the text). 

Modified after (Müller, Mäder & Gohla, 2000). 

 

In case of a homogenous matrix (model 1, Fig. 2.3, left) the drug is molecularly dispersed 

evenly in the particle matrix. Drug release takes place by diffusion from the solid lipid matrix 

and additionally by lipid nanoparticle degradation in the gut.  

In model 2 (Fig. 2.3, middle) the drug is enriched in the shell. This can be explained by a lipid 

precipitation mechanism occurring during particle production. After homogenisation there is 

a mixture of drug and lipid in each droplet. It is then being cooled. Depending on the TX 

solubility diagram2 the lipid can precipitate earlier than the drug to form a drug-free core or 

at least a core with reduced drug content. Reaching the eutectic temperature and 

composition, lipid and drug precipitate simultaneously in the outer shell of the particles. 

Examples are coenzyme Q10 SLN. They possess a soft Q10-rich outer shell as proven by 

atomic force microscopy (AFM) (Fig 2.4) (Dingler, Lukowski, Gohla & Müller, 1997; Lukowski, 

Hoell, Kranold, Gehrke & Pflegel, 1997; Lukowski, Hoell, Dingler, Kranold & Pflegel, 1998). 

Drug enrichment in the shell is also a function of the solubility of the drug in the water-

surfactant mixture at increased temperature during the production process. The drug 

partially leaves the lipid particle and dissolves in the aqueous phase during hot 

homogenisation. Reason for this is the increased solubility for many drugs in the outer phase 

                                                 
2
 TX diagram: A two-dimensional graphical representation, with temperature and concentration coordinates, of 

the isobaric phase relationship in a binary system  

I>omoger.ous matrix drug"enriched s~1 drug"emiched core



14 

 

(surfactant solution) at elevated temperatures. Cooling of the o/w nanoemulsion reduces 

the drug solubility in the aqueous phase, drug tries to re-partition into the lipid particles 

leading to enrichment in the particle shell in case the particle core already started to solidify 

(Fig. 2.5). Such particles are known to lead to a burst release (Müller et al., 1995). In the case 

of the oral cyclosporine A formulation this was a desired effect. The dissolution rate needed 

to be sufficiently high to reach the therapeutic drug level but not too high to avoid 

nephrotoxic levels. In case of other applications it might be necessary to have a prolonged 

release formulation which can be achieved by varying the production conditions during the 

particle production (zur Mühlen & Mehnert, 1998). Such conditions are low production 

temperature (preferably “cold homogenisation”) and low surfactant concentration. 

Fig. 2.4: Atomic force micrograph of Q-10-loaded SLN after (Dingler, Lukowski, Gohla & 

Müller, 1997) 

2.51.ln"l

2.51.lm 50m
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Fig. 2.5: Forming of SLN with drug enriched shell:  During production drug leaves the liquid 

particle and diffuses into the outer phase, having an increased solubility for the drug 

because of the high temperature. During cooling, drug repartitions into the particle shell. 

The core of the particle is less/not accessible because lipid crystall isation has started. 

Modified after (Müller, Mäder & Gohla, 2000).   

hot cooling 

lipid  -  drug 
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liquid  state of lipid recrystallisation of lipid 
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Enrichment in the shell (model 2) takes place when particles are produced by hot 

homogenisation method and the drug used shows a distinctly increased solubility in the 

aqueous surfactant phase at production temperature. In contrast, the drug-enriched core 

(model 3, Fig. 2.3, right) is formed in case cooling of the hot o/w emulsion leads to 

precipitation of the drug first. This takes preferentially place in lipid solutions with drug 

dissolved at its saturation solubility in the lipid at production temperature. During cooling a 

super saturation and subsequent drug precipitation is achieved. The prolonged release of 

prednisolone is explained by this model (zur Mühlen, 1996; zur Mühlen & Mehnert, 1998). 

2.4 Oral delivery of drugs using lipid nanoparticles 

The first drug intensively investigated to be formulated as SLN dispersion was cyclosporine A 

(Müller, Runge & Ravelli, 1998; Runge, 1998; Penkler, Müller, Runge & Ravelli, 1999, 2003; 

Müller et al., 2006; Müller et al., 2008). As mentioned above, it was known from the 

literature that the “old” Sandimmun® emulsion showed variations in the oral bioavailability 

ranging from 10-60 %. The second generation product, the microemulsion Sandimmun® 

Optoral/Neoral avoids this strong variation in bioavailability but possesses potential 

nephrotoxicity as an undesired side effect due to plasma peaks well above 1000 ng/ml 

(Meinzer, Müller & Vonderscher, 1998). The aim of formulating a cyclosporine A loaded SLN 

formulation was to avoid the undesired plasma peak and to achieve a similarly high 

reproducible oral bioavailability in the therapeutic window. Hence combination of the 

advantages of the “old” Sandimmun® (no nephrotoxic plasma peak) and the “new” 

Sandimmun® Optoral/Neoral (little variation in bioavailability) should be achieved by the SLN 

formulation. Three formulations were used in the study: Cyclosporine A-loaded SLN 

suspension, cyclosporine A drug nanocrystals and Sandimmun® Optoral/Neoral 

microemulsion as a reference. The SLN blood profile did not exhibit the undesired plasma 

peak and remained over a similar time period time in the therapeutic window as the 

microemulsion (Fig. 2.6). 
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Fig. 2.6: Blood profiles of cyclosporine-loaded SLN suspension, drug nanocrystals and 

Sandimmun® microemulsion lipids. (from:  Müller, R.H., Keck, C.M., Challenges and solutions 

for the delivery of biotech drugs – a review of drug nanocrystal technology and lipid 

nanoparticles, 151-170, Copyright (2004), with permission from Elsevier). 

 

At the first glance it was surprising that the cyclosporine A nanosuspension had such a low 

bioavailability. This is in contrast to increases in bioavailability reported for a number of 

drugs by the scientists of the company Nanosystems (nowadays Élan): As discussed above, 

the bioavailability of danazol could be increased from 5 % to 82 % by transferring the drug to 

a nanosuspension (Liversidge & Cundy, 1995). The reasons for the low bioavailability of 

cyclosporine A nanocrystals might be multi-factorial. Cyclosporine A is a substrate of p-

glycoprotein, thus the absorption is limited a priori. In addition, it cannot be excluded that 

the drug nanocrystals aggregated in the gastrointestinal fluid. It is known that nanocrystal 

aggregation can reduce dissolution rate (Keck, Fichtinger, Viernstein & Müller, 2004; Keck, 

2006) and subsequently oral bioavailability. Furthermore, it might be that the dissolution 
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rate of cyclosporine A from the crystals was not as high as from the lipid nanoparticles. The 

cyclosporine A was located – at least to a certain extent – in the outer shell of the SLN as 

indicated by the fast release observed in in vitro release studies (Runge, 1998). 

To summarize: Drug nanocrystals, often seen as the ultimate, universal formulation 

approach for poorly soluble drugs, do not work in any case. For a number of drugs it seems 

to be beneficial to have lipids present during the absorption process. This is well in 

agreement with publications describing the positive effect of lipids on oral drug absorption 

(Porter, Charman, Humberstone & Charman, 1996; Charman, Porter, Mithani & Dressman, 

1997; Charman, 2000; Porter & Charman, 2001b; Holm, Porter, Mullertz, Kristensen & 

Charman, 2002). Therefore, the first choice in screening might be drug nanocrystals but lipid 

nanoparticles are the essential back up formulation.  

2.5 Mechanism of oral absorption enhancement 

There are different mechanisms discussed which lead to an absorption enhancement and 

also to a reproducible bioavailability (little variation in bioavailability). These mechanisms 

are:  

1. a general adhesiveness of nanoparticles 

2. reproducibility of adhesion  

3. an absorption enhancing effect of lipids 

It is a general property of nanoparticles that they are adhesive (Tarr & Yalkowsky, 1989). The 

adhesiveness of particles to a surface increases with the surface area of the particles, the 

interaction forces can be calculated (Stieß, 1995). This is a general behaviour of all 

nanoparticles, not specific for lipid nanoparticles. After adhesion to the gut wall the drug is 

exactly released at its place of absorption (Liversidge & Cundy, 1995). 

This adhesion process proved to be very reproducible. In vivo data obtained with drug 

nanocrystals show that there is little variability between the fasted and fed state of rats 

(Liversidge & Conzentino, 1995). The same is considered as valid for the lipid nanoparticles. 
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The low variation in bioavailability observed with cyclosporine A-loaded SLN suspension was 

similar to the Sandimmun® Optoral/Neoral microemulsion (Runge, 1998). 

 

It is known that lipids can promote the absorption of active compounds, examples are lipid 

soluble vitamins such as vitamin A, D, E and K (Kuksis, 1987). The body absorbs the fat and 

simultaneously the drug is taken up, it can be considered as a kind of “Trojan Horse” effect. 

The lipid absorption enhancing effect can be explained more specifically by the studies 

performed by W. Charman and co-workers (Charman et al., 1992; Charman, Porter, Mithani 

& Dressman, 1997; Charman, 2000; Porter & Charman, 2001b). To present it in a condensed 

form: The lipids are degraded by enzymes in the gut leading to the formation of surface 

active mono- and diglycerides on the surface of the lipid droplets or solid lipid particles. 

These molecules detach and form micelles. During the detachment and micelle forming 

process the drug dissolved in the lipid is taken up in the micelle (solubilized). Solubil isation is 

a well-known principle for solubility enhancement in pharmaceutical technology. The 

formed micelles interact with surface-active bile salts (e.g. sodium cholate) leading to the 

formation of so-called “mixed micelles”. In the subsequent absorption process of the lipid 

degradation product the drug is simultaneously absorbed (Fig. 2.7). Charman and co-workers 

could show that the absorption enhancing effect differs from one lipid to the other. For 

example it was observed that long-chain triglycerides (LCT) are more effective in promoting 

absorption of the drug halofantrine compared to medium-chain triglycerides (MCT) (Khoo, 

Shackleford, Porter, Edwards & Charman, 2003).  
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Fig. 2.7: Mechanisms of absorption promoting effect of lipids being formulated as a lipid 

nanoparticle (from: Journal of Biotechnology (113),  Müller, R.H., Keck, C.M.,  Challenges and 

solutions for the delivery of biotech drugs – a review of drug nanocrystal technology and 

lipid nanoparticles, 151-170, Copyright (2004), with permission from Elsevier). 

 

Additionally, the length of the fatty acid chains affects  the primary place of absorption. Fatty 

acids with C-14 chains to C-18 chains promote lymphatic absorption (Porter & Charman, 

2001a). This is of interest for drugs such as testosterone, which undergo a strong first pass 

metabolism when they are absorbed through the gut wall and passing the liver. 

Lymphatic absorption avoids this first pass metabolism to a certain degree and can be used 

to increase the oral absorption of testosterone or testosterone-undecanoate. A commercial 

formulation exploiting this concept is Andriol® capsules with testosterone-undecanoate 

dissolved in oleic acid (Shackleford et al., 2003). Oleic acid as a C-18 fatty acid is ideally 

suited as oil compound in capsules. The bioavailability of testosterone-undecanoate is 

reported to be 3.25 ± 0.48 % in dogs (Shackleford et al., 2003). As a kind of “second 

generation formulation” with improved chemical stability Andriol Testocaps® were launched 

by the company Organon. The capsules can be stored at room temperature, whereas the 

“first generation” needs to be stored below 8 °C. Andriol Testocaps® contain a blend of oleic --"'" ............~
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acid and castor oil (which major component is the C-18 fatty acid ricinoleic acid) as oil 

component and additionally a surfactant, lauroglycol/FCC (=propylene glycol monolaurate) 

(Shackleford et al., 2003). The bioavailability reported is about 2.88 ± 0.88 % (Shackleford et 

al., 2003). It can be imagined that the surfactant being present in this formulation will 

contribute or promote the formation of mixed micelles. Adding the surfactant moves this 

formulation to the direction of the self-emulsifying drug delivery systems (SEDDS) (Charman 

et al., 1992; Pouton, 2000). 

Another important point is that for reaching the maximum absorption enhancing effect, the 

drug needs to be closely associated with the lipid. It is less efficient when drug and lipid are 

given separately (as it happens during normal food intake and simultaneous drug 

administration). If a separate administration of lipid and drug worked with similar efficiency, 

the easiest way to exploit the absorption enhancing effect would be simultaneous 

administration of a lipid-filled capsule with drug intake. This required very close association 

of lipid and drug has been realized with the three types of lipid nanoparticles. The drug can 

be incorporated in between the fatty acid chains or the lipid lamella (Runge, 1998) (Fig. 2.8) 

or alternatively be present as amorphous clusters in imperfections of the lipid crystal lattice. 

The surface active compounds in the gut disperse lipids from food to relatively fine droplets. 

Their diameter is typically in the range of 1-50 µm (Patton & Carey, 1979; Armand et al., 

1996). Lipid nanoparticles represent an ultra-fine dispersion with typical diameters of about 

250 nm (= 0.25 µm). Solubilisation can take place very fast and efficiently due to the large 

surface area of the particles. In case a slower degradation is required (e.g. for prolonged 

release) a fraction of the lipid nanoparticles can be stabilized with a high molecular weight 

steric stabilizer (e.g. Poloxamer). It could be shown that to some extent the nature of the 

lipid matrix  but mainly the type of stabilizer affects the enzymatic degradation velocity 

(Olbrich, 1998, 2002; Olbrich, Kayser & Müller, 2002). 

Stabilisation of the lipid particles with a mixture of sodium cholate and lecithin promotes the 

anchoring of the lipase/co-lipase complex and thus accelerates the degradation (Olbrich & 

Müller, 1999; Olbrich, Kayser & Müller, 2002). The use of high molecular weight stabilizers 

such as Poloxamer 407 leads to a steric hindrance of the anchoring of the complex, thus 

delaying the lipid degradation. It is also possible to adjust the degradation time between 
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“fast” and “slow” by using mixtures of degradation accelerating and degradation delaying 

stabilizers (Olbrich & Müller, 1999). 

 

Fig. 2.8: Proposed incorporation of ciclosporin A (c) in the lipid matrix of Inwitor 900. 

(reprinted from Eur. J. Pharm. Biopharm, Müller, R.H., Runge, S.H., Ravelli, V., Thünemann, 

A.F., Mehnert, W., Souto, E.B., Cyclosporine-loaded solid lipid nanoparticles (SLN): drug-lipid 

physicochemical interactions and characterisation of drug incorporation, Copyright (2008), 

with permission from Elsevier). 

2.6 Production on lab scale 

The production method of first choice for the three types of lipid nanoparticles – SLN, NLC 

and LDC – is high pressure homogenisation. In case of SLN the drug is dissolved or dispersed 

in the melt of a solid lipid, typically approximately 5-10 °C above the lipid’s melting point. In 

case of NLC the drug is dissolved in a melted blend of a solid lipid with a liquid lipid (oil), 

again slightly above the melting point of the lipid blend. LDC nanoparticles are commonly 

produced at room temperature. In the next production step the drug-containing lipid melt or 

lipid-drug conjugate is dispersed in a surfactant/stabilizer solution of identical temperature 

by high speed stirring. This yields an aqueous oil-in-water “pre-emulsion” (SLN and NLC) or 

suspension (LDC). To achieve a high dispersity in the subsequent homogenisation process it 

is recommended to use dispersion-efficient, fast diffusing, electrostatically stabilising, low 

molecular weight surfactants (e.g. sodium dodecylsulfate (SDS)). They diffuse very fast into 

newly formed interfacial layers and stabilize the formed small droplets efficiently minimizing 

subsequent coalescence phenomena. To achieve highest physical stability in gastrointestinal 

medium the combination with a steric stabilizer is recommended (e.g. Tween 80 or 

Poloxamer 188). Steric stabilisation is less impaired by the presence of electrolytes 

d   C C 
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compared to electrostatic stabilisation (high zeta potential). The pre-emulsion/suspension is 

passed through a temperature controlled high pressure homogenizer, either of the piston-

gap type (APV Gaulin, APV Deutschland GmbH, Unna/Germany; Avestin Europe, 

Mannheim/Germany etc.) or of the jet-stream type (microfluidisation principle, 

Microfluidizer, Microfluidics Inc., Newton, MA, USA) Homogenisation temperature for SLN 

and NLC is again typically about 5 °C above the melting point of the lipid phase and room 

temperature for LDC. In principle for SLN and NLC production one homogenisation cycle at 

500 bar is sufficient to yield a hot o/w emulsion with a particle size of approximately 250-

300 nm. Cooling of the nanoemulsion during their production leads to crystall isation of the 

lipid and formation of solid nanoparticles. 

Typical homogenisation parameters reported in the literature are 500 bar and up to 3 

homogenisation cycles. The two additional cycles lead to a further slight reduction in the 

particle size to approximately 220 nm and a narrowing of the width of the distribution 

(reduction in the polydispersity index of photon correlation spectroscopy, PCS). However, for 

oral drug delivery such a small difference of 30 or 40 nm is not crucial. The same is valid for 

the homogeneity in the particle size distribution. Hence, one cycle at 500 bar is considered 

as being sufficient for particles intended for oral administration.  

2.7 Large scale production 

In most cases scaling up of a process encounters problems. This is different for the 

production of lipid nanoparticles based on high pressure homogenisation. On the contrary, 

using larger scale machines leads to an even better quality of the product with regard to a 

smaller mean particle size and its homogeneity (width of the size distribution). Basic 

advantage is that high pressure homogenisation is a production technique widely used, e.g. 

in pharmaceutical industry for the production of emulsions for parenteral nutrition (Klang, 

Parnas & Benita, 1998). High pressure homogenisation is also used in non-pharmaceutical 

areas, e.g. in food production, where homogenizers are running with a capacity of up to 

several tons of homogenisation volume per hour (e.g. for homogenized milk). 

Typical machines for lab scale production are the Micron LAB 40 (batch size: 20 to 40 mL, 

APV Deutschland GmbH, Unna/Germany, Fig. 2.9) and the Avestin C5 (batch size: 7 mL to 
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1 L, capacity: 5 L/hour, Avestin Europe, Mannheim/Germany). In case of very expensive 

drugs or if there is a limited supply (e.g. new chemical entities) it is favourable to reduce the 

batch size (scaling down capability). Batch size reduction can be done by using the Avesti n 

B3 (Avestin Europe, Mannheim/Germany). The batch volume is 0.5 mL to 3.2 ml. 

 

Fig. 2.9: LAB 40 homogenizer with temperature control unit  

A first scaling up step to 500 ml to 1 L can be realized by using the continuous version of the 

Micron LAB 40. It uses the same homogenisation tower as the discontinuous version with 

only slight modifications. Essential parts such as cylinder, piston and geometry of the 

homogenisation valve are identical. The continuous version is equipped with product 
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containers. The product is pumped through the valve by a number of piston movements 

(e.g. for 400 ml homogenisation volume ten piston movements with 40 ml each are 

required). In case of the continuous LAB 40 version the homogenisation tower and the two 

product containers are equipped with temperature control jackets. In theory, one could 

enlarge the product containers (e.g. to two kilograms), however the machine is originally not 

designed to run larger volumes in continuous mode.  

The next scaling up step with a minimum batch size of 2 kg and a maximum of 10 kg was 

achieved using the LAB 60 (APV Deutschland GmbH, Unna/Germany). The LAB 60 has a 

homogenisation capacity of 60 litres per hour.  

The two product containers of the LAB 60 are equipped with powerful high-speed stirring 

units. The feeding container has a dissolver disc built in to prepare the pre-emulsion in it. For 

the production of a 2 kg batch the pre-emulsion is passed through the homogenisation unit 

and then circulates back to the feeding container. It is a continuous homogenisation process 

in a loop. It can be calculated that it takes 15 minutes to ensure that - statistically - 99,9 % of 

the droplets have passed the homogenisation valve at least once (Leviton & Pallansch, 1959; 

Müller, Wissing & Radomska, 2001). For such a relatively small production volume of 2 kg it 

is not sensible to run the homogenisation with the LAB 60 in a discontinuous process. The 

void volume is relatively large (approx. 250 ml). Running discontinuous cycles would leave 

about 10-15 % of the batch each time in the void volume being non-homogenized. Running a 

10 kg batch in continuous circulating required more than 90 minutes to ensure that 99.9 % 

of the droplets have passed the homogenisation gap at least once (Leviton & Pallansch, 

1959). Therefore a discontinuous production is recommended. The 10 kg pre-emulsion is 

prepared in the feeding container, passed through the homogenizing unit and then collected 

in the second product container. When the pre-emulsion has passed the homogenizer it will 

be fed back from the second container by gravity via a temperature-controlled tube to the 

first container. Then the second homogenisation cycle starts. In general, two 

homogenisation cycles at 500 bar are fully sufficient to yield a relatively monodisperse 

product, the total homogenisation time for 10 kg is only 20 minutes (10 minutes per cycle). 

As already mentioned, for orally administered lipid nanoparticles even one single 
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homogenisation cycle is considered to be sufficient. In that case it does not make any 

difference if the particle size is 260 or 230 nm.  

 

The LAB 60 unit was designed for a pharmaceutical company; that is why it can be used in a 

GMP area for clinical batch production. As pointed out above, the homogenisation results 

obtained with large-scale machines is typically better than with the lab scale LAB 40. There 

are several reasons for this: First of all, transfer of the process from a smaller capacity 

machine to a larger capacity machine is relatively easy because of the identical or similar 

geometry of the homogenisation valves. Secondly, the larger machines have two or three 

plungers leading to less fluctuation in the actual homogenisation pressure. The LAB 40 has 

only one plunger, therefore the pressure needs to build up; the first small fraction of the 

pre-emulsion is less efficiently homogenized than the rest. This effect is distinctly reduced 

when a homogenizer is running with three plungers smoothing the pressure fluctuation 

profile. Furthermore, the temperature control of the larger machines is much more 

effective. Machines can be ordered equipped with a temperature control unit for the 

homogenisation unit itself. Also, all required tubes and containers can be ordered double-

walled for temperature control with a temperature controlling liquid. In addition, these 

homogenizers are equipped with two homogenisation valves in series, main (first) valve and 

a second valve. When the homogenized droplets leave the first homogenisation valve they 

possess a relatively high kinetic energy. Their surface might not yet be fully covered with 

stabilizer. Therefore limited coalescence can occur. A part of the coalesced or flocculated 

droplets is immediately re-dispersed when they pass the subsequent homogenisation valve. 

Typically, the second valve operates at one tenth of the pressure of the first valve, e.g. 500 

bar for the first valve and 50 bar for the second valve.  
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Fig. 2.10: A typical arrangement for a Gaulin 5.5 with attached product container (right)  

The next step in scale-up was the use of a Gaulin 5.5 (APV Deutschland GmbH, 

Unna/Germany, Fig. 2.10) with a homogenisation capacity of 150 litres per hour (approx. 

equivalent 150 kg). The pre-emulsion is prepared in larger product containers. Product 

containers and homogenizer are made from material of pharmaceutical grade. The product 

containers can be sterilized by autoclaving; preparation of the pre-emulsion under 

protective gas is possible. They also have the features of cleaning-in-place (CIP) and 

sterilisation-in-place (SIP). For the production, the lipid can be melted in the feeding 

container. Surfactant as well as sterile water from a sterile water supply system are then 

added. Advantageous is a hot storage supply system providing sterile water of 80°C which is 

ideal for the production process. This way of production leads also to a very low 

microbiological load. For oral administration one homogenisation cycle with the Gaulin 5.5 is 
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sufficient. The product is collected in the second product container and cooled in a 

controlled way under stirring. A batch size of about half a ton can be produced in 

approximately 3 hours homogenisation time with the Gaulin 5.5. For many products this is 

already a typical batch size. This way of production was used by the company “Chemisches 

Laboratorium Dr. Richter GmbH (CLR)” in Berlin to produce the first large scale batch of NLC 

for cosmetic industry to realize the first cosmetic NLC products (Müller, Rimpler, Petersen, 

Hommoss & Schwabe, 2007). 

For even larger scales an Avestin EmulsiFlex C1000 (Avestin Europe, Mannheim/Germany) or 

a Rannie 118 (APV Deutschland GmbH, Unna/Germany) can be e mployed. Their capacity is 

1000/2000 litres per hour at the low pressure required for lipid nanoparticle production.  

In this case it is not sensible any more to prepare a 2 ton batch in a discontinuous way, i.e. 

preparing the pre-emulsion in a container. The heat exchange times are too long giving a too 

high temperature burden on the active (cosmetic active or drug). For production lines of this 

size static blenders are recommended. The drug containing melted lipid is admixed in a static 

blender to the hot surfactant/stabilizer solution (e.g. blenders from Sulzer Chemtech, 

Winterthur, Switzerland). The homogenized product needs to be cooled, the temperature 

controlled container will then be replaced by a heat exchanger to remove at least most of 

the heat. Fig. 2.11 shows a design for such an arrangement.  

To sum up, the larger machines are more effective in dispersing and more sophisticated 

regarding their features to control the process. As a result, the product quality is in general 

better when moving to larger scale machines. 
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Fig. 2.11: Production flow chart for a production capacity of 1-2 tons per hour. First cold 

drug solution (drug dissolved in oil) and “overheated” melted lipid (e.g. 80 °C) are mixed in 

the first static blender (sb1). Mixing leads to a temperature of the melt of e.g. 50 °C, which is 

still above the melting point of the solid-liquid lipid blend. Then the hot surfactant solution 

and melted drug-containing lipid are mixed in static blender 2 (sb2) The pre-emulsion passes 

the homogenisation unit, the nanoemulsion is cooled by passing a heat exchanger, final 

cooling is performed in the product container (PC). 
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2.8 Production of final oral dosage forms 

In principle the aqueous lipid nanoparticle suspensions can be used as an oral dosage form. 

Using optimal stabilizer formulations a physical stability of up to three years has been 

reported (Müller et al., 1995). Liquid dosage forms might be convenient for certain groups of 

patients (e.g. children and elderly patients). However, the dosage forms of first choice for 

delivery are dry forms: Tablets, capsules or fast dissolving drug delivery systems (FDDS) for 

the oral cavity. In some countries, sachets are also accepted. Pellets with incorporated SLN 

have been produced by Pinto and Müller (Pinto, 1996). The aqueous SLN dispersion was 

used as wetting agent in the production process of the pellets. It could be s hown that the 

pellets released the SLN completely and without or very little aggregation. Such pellets can 

be filled into hard gelatine capsules or can be compressed to tablets (similar to pellet-

containing tablets such as Beloc ZOK®). 

Alternatively, the aqueous SLN dispersion can be used as granulation fluid in the production 

process of tablets or the SLN can be spray-dried (Freitas, 1998; Freitas & Müller, 1998) and 

the obtained powder added to the tabletting mixture (DirectCompress® technology) (Müller, 

1997). As mentioned above, when producing oral dosage forms the loading capacity of each 

single dose needs to be considered. In case too much lipid mass is required to dissolve the 

required drug dose, the excipients necessary to produce pellets or tablets might lead to an 

unacceptable large volume. In such cases it might be considered to produce a spray-dried 

powder for oral administration.  

Another interesting approach is the production of fast-dissolving delivery systems (FDDS). 

The adhesive properties of lipid nanoparticles could be exploited for delivery to the mouth 

cavity. Incorporation into such an FDDS would be relatively easy by simply lyophilising the 

lipid nanoparticle suspension under addition of cryoprotective agents such as mannitol or 

trehalose.  
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2.9 Regulatory aspects 

One of the key pre-requisites for introducing a new technology and new products to the 

market is meeting regulatory requirements, not only with regard to excipients but also 

qualification and validation of production lines. In general, for the production of lipid 

nanoparticles only excipients accepted by the regulatory authorities are used, that means 

excipients with a GRAS status3 (generally recognized as safe) or excipients which are already 

used in products on the pharmaceutical market. In the latter case these excipients need to 

be used in their commonly applied, regulatorily accepted concentrations. If distinctly higher 

concentrations are used a limited toxicity study might be necessary to prove the safety of 

the excipient in this concentration. All lipids, surfactants and stabilizers used in the 

production of capsules, pellets and tablets can be fully exploited for the production of oral 

lipid suspensions. There is definitely no lack of accepted excipients. In addition, all lipids, 

surfactants and polymeric stabilizers used in food industry can be employed. However, they 

need a registration for pharmaceutical purposes. One can refer to the toxicity data collected 

for registration as food or food additive. To sum up, a rich variety of excipients is available 

for oral lipid nanoparticles. 

Another important point is the qualification of production lines within the general quality 

management (QM) (Müller, 2000). The production lines need to be made out of materials 

and compounds allowing a qualification of the production line. In addition, other QM steps 

such as validation need to be performed. Also each compound of the line needs to be 

capable of validation. Unfortunately many experimental production lines developed in 

academic research labs cannot meet these criteria. The production lines for lipid 

nanoparticles can be validated, for example a clinical batch production unit is available 

(Müller, 2000). A very important point is that the lipid nanoparticle technology uses 

production lines already established and existing in the pharmaceutical industry. The 

regulatory accepted production lines for emulsions can be used for lipid nanoparticle 

production because many are temperature controlled anyway. Therefore, it is possible to 

use the lines of parenteral emulsions for the production of lipid particle suspensions. The 

                                                 
3
 FDA Summary of GRAS Notices: http://vm.cfsan.fda.gov/~rdb/opa-gras.html (retrieved 08/09) 
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only “disadvantage” is that a certain minimum batch size will be required, which is 

approximately half a ton. 

2.10 Perspectives on drug delivery using lipid nanoparticles 

The three different types of lipid nanoparticles – SLN, NLC and LDC – represent a promising 

tool box for the oral delivery of lipophilic but also hydrophilic drugs, especially for 

hydrophilic drugs showing a reduced stability in the gut and a limited bioavailability. Lipid 

nanoparticles exploit the absorption enhancing properties of lipids, which is now commonly 

used for new improved delivery systems and oral dosage forms. Lipid nanoparticles fulfil 

essential prerequisites for entering the market with a new formulation. Such prerequisites 

are low cost production, clinical and large scale production facilities and accepted status of 

excipients. In contrast to e.g. liposomes, they are not only a low cost system but also 

physically more stable. Interesting for commercial exploitation is the exclusivity of the 

various lipid particle technologies; they are protected by issued patents or by patent 

applications in the major countries. By acquisition of the SLN technology by SkyePharma PLC 

in 1999 the technology of SLN has meanwhile entered pharmaceutical industry. The second 

generation technology of NLC is meanwhile present on the cosmetic market in more than 20 

products worldwide (Müller, Rimpler, Petersen, Hommoss & Schwabe, 2007). The cosmetic 

products proved the feasibility of NLC products in general. Also large-scale production lines 

were established for these products in industry (e.g. Rimpler GmbH, www.rimpler.de), which 

can also be used for pharmaceutical products. In November 2007 the U.S. pharmaceutical 

company Brookwood acquired the worldwide exclusive rights for the NLC technology from 

Pharmasol to turn NLC into pharmaceutical products. The future will show if this is 

successful. 
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2.11 State of the art of testosterone drug delivery: 

2.11.1 Overview 

In general products for testosterone delivery can be divided into two groups: Products for 

injection and other products which include oral, buccal, and transdermal systems. 

The crucial problem is the very high first pass effect of natural testosterone taken orally. 

99 % of the drug are immediately metabolised by liver enzymes and do not reach circulation.  

To bypass this problem several approaches have been made: The first attempt was the 

methylisation of testosterone, which hindered liver enzymes from inactivating it. Although 

application of methyltestosterone lead to a pronounced serum testosterone level, it was 

found to be very liver toxic and was therefore withdrawn (Wu, 1992; Wang et al., 2009).  

However there is a variety of testosterone delivery systems on the market consisting of 

testosterone or its ester which all have more or less major disadvantages. 

2.11.2 Products for injection 

2.11.2.1 I.v. injection 

Intravenous injection is performed with an aqueous suspension of testosterone. Due to 

rapidly degradation of the molecule by enzymes, several injections per day are necessary to 

maintain a constantly high serum level of the hormone. As a result the products have been 

discontinued (Androlan Aqueosus, Andesterone Suspension) 

 

2.11.2.2 I.m. injection 

Roughly half a dozen testosterone preparations for intramuscular injection are on the 

market in the U.S.A., France and Germany. Those products consist of an oily solution of a 

testosterone ester (mostly testosterone enantate or testosterone undecanoate). After 

intramuscular injection the hormone is liberated from the oil during a period of 6 to 12 

weeks. 
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More than 10 % of the patients suffer from pain at the site of injection. Once administered, 

the dose cannot be adapted which carries the risk of overdosing - especially with patients 

that start with a testosterone replacement therapy (Mackey, Conway & Handelsman, 1995). 

2.11.3 Other products 

2.11.3.1 Oral route 

Testosterone (T) has a poor oral bioavailability due to its extensive first pass metabolism by 

the liver. Therefore in commercial products lipidic derivatives of testosterone are used, e.g. 

testosterone undecanoate (TU) and testosterone enantate (TE). Still the oral bioavailability 

(BA) is very low, approx. about 7 % for TU in men and 3 % in beagle dogs (Köhn & Schill, 

2003; Shackleford et al., 2003).  

To overcome this problem, capsules filled with a solution of testosterone undecanoate in an 

oily solution have been developed (Andiol and Andriol Testocaps). The oil is partly taken up 

by the lymphatic system bypassing the liver and hence the first pass effect. Still, the 

bioavailability is quite low and therefore a total of up to four capsules have to be taken by 

the patient with one to four administrations per day.  

The testosterone serum level resulting is irregular with peaks of short duration. Another 

problem of this formulation are the high inter- and intraindividual differences in 

pharmacokinetic parameters of the product (Behre & Nieschlag, 1998). 

The discontinued product Andriol® was a solution of TU in oleic acid (Köhn & Schill, 2003). 

The successor commercial product Andriol Testocaps® is a solution of TU in castor oil and 

lauroglycol FCC (Shackleford et al., 2003). The rationale for replacing Andriol® by Andriol 

Testocaps® was the low stability and the very short shelf life (3 months) of the original 

product. It had to be stored at 8°C. Due to the low solubility of TU in the oil a single dose of 

80 mg has to be administered in two capsules. Each Andriol Testocaps® capsule contains a 

total amount of 335 mg TU solution. Taking two capsules is not very convenient for the 

patient and reduces compliance. As mentioned above, the bioavailable TU is mainly 

absorbed via the lymphatic route (Horst et al., 1976; Horst & Erdmann, 1980; Houwing, 

Maris, Schnabel & Bagchus, 2003; Köhn & Sc hill, 2003; Shackleford et al., 2003). Minor parts 
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of TU are immediately de-esterified to testosterone at the gut wall. The major part is still 

absorbed across the gut wall but then immediately metabolised in the liver (first pass) (Horst 

et al., 1976; Horst & Erdmann, 1980; Köhn & Schill, 2003). This unavailable amount for 

therapy creates stress to the liver (Frey, Aakvaag, Saanum & Falch, 1979; Foye, Lemke & 

Williams, 2007). 

 

2.11.3.2 Buccal 

Buccal administration of testosterone is achieved by the use of a tablet (bioadhesive delivery 

system), which has to be placed on the gum. A buccal formulation (Striant) is currently 

marketed in the U.S., Great Britain and the Netherlands.  

Sufficiently high serum levels can only be achieved if the product is constantly applied and 

changed every 12 hours (Zhang, Zhang & Streisand, 2002).  

The tablet does not always stay in place. Tooth brushing, eating and drinking often loosens 

it. It is also unintentionally swallowed without even noticing it. Side effects that have been 

described are: Headache, gingivitis and irritations of the gum and dysgeusia (taste 

perversion). Regular gum examination is strongly advised. 

(Striant patient information, www.striant.com/Consumer/patient_info/patient_info.asp, 

accessed 04/03/09) 

2.11.3.3 Transdermal systems 

Systems available for this route of application are gels and patches. They can be classified by 

their site of application: Systems which are applied on the torso and systems for the 

scrotum. 

Gels are preparations of testosterone and sometimes contain also permeation enhancers 

like cyclopentadecanolide or high concentrations of alcohol. They are applied at least once a 

day on dry skin. The patient has to wait for 5 to 10 minutes after application for the 

formulation to dry. Hands have to be carefully washed and the site of administration has to 
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be covered to avoid other persons (especially children) to get into contact with the gel. If 

skin contact with untreated persons is expected, showering beforehand is strongly advised. 

Otherwise it bears the risk of transferring the drug to them and can result (in case of 

females) in androgenisation. Side effects are skin irritations. 

Due to inter- and intraindividual differences in skin permeation the flux of drug can greatly 

vary and is almost impossible to predict.  

The second transdermal delivery system are patches which are also widely used and 

available on the markets worldwide. Depending on the delivery system, one or even two 

patches have to by applied simultaneously and carried for two to four days. Severe skin 

irritations are a common phenomenon.  

The systems for use on the torso are still available while the formulations for application on 

the scrotum have been discontinued: While absorption of testosterone via scrotum skin is 

better, it contains high concentration of esterases that lead to a high concentration of 

dihydrotestosterone after application. Furthermore compliance was low: Shaving of the 

scrotum was necessary, problems with adhesion of the patches and skin irritations occurred 

(Findlay, Place & Snyder, 1989). 

While the problem of high dihydrotestosterone levels does not occur with non-scrotum 

patches, skin irritation is even more pronounced with this formulation.  

2.11.3.4 Subcutaneous implants 

There is only one subcutaneous product commercially available, which is only sold in the 

U.S.A.: Testopel pellets. They are implanted under the skin and release the drug 

continuously over a four to six months time period.  

A microsurgery has to be performed to put the 3.4 x 9 mm pellets into their desired place of 

action. Furthermore once administered the release rate of testosterone is diffi cult to adjust. 

Risks and side effects are : Extrusion, bleeding, and inflammations/infections at the site of 

implantation (Jockenhovel et al., 1996). 
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2.11.3.5 Other formulation approaches 

There are a variety of other formulation attempts like nasal spray, pulmonary delivery or 

ultrasound enhanced transdermal transport.  Those attempts have not made it to the 

market yet. 
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3 Materials and Methods 

3.1 Materials 

3.1.1 Tetstosterone undecanoate NLC and testosterone (undecanoate) nanosuspensions 

Tesotsterone undecanoate was bought from Jenapharm (Jena, Germany), testosterone from 

Caelo (Hilden, Germany). For the production of the lipid nanoparticles the following lipids 

and surfactants were used: Dynasan 118 was obtained from Condea (Witten, Germany). 

Stearic acid, sodium dodecylsulfate and Tween 80 were bought from Sigma-Aldrich 

(Deisenhofen, Germany), oleic acid from Caelo.  

3.1.2 Fish oil NLC 

Dynasan 118 (glyceryl tristearate) used as matrix lipid for the production of NLC was 

obtained from Condea (Witten, Germany). Sodium dodecyl sulfate (SDS) and polyvinyl 

pyrrolidon were purchased from Fluka Chemie GmbH (Buchs, Switzerland) and from Merck 

(Darmstadt, Germany), respectively. Tween 80 was bought from Uniqema (Eversberg, 

Belgium), whereas TPGS (D-alpha Tocopheryl Polyethylene Glycol 1000 Succinate) was a kind 

gift from Eastman (Anglesey, U.K.). The water used was produced by a MilliQ system 

(Millipore, Billerica, MA, United States). The fish oil was obtained as a gift from Pharmasol 

GmbH (Berlin, Germany). It contained 38 % omega-3 fatty acids including 19 % EPA 

(eicosapentaenoic acid) and 13 % DHA (docosahexaenoic acid) according to its analysis 

certificate. 

For taste masking, aroma concentrates (lemon, orange, mango and strawberry flavour) from 

Symrise (Holzminden, Germany) were used which were a kind gift of the company. For 

colouring, Sicovit food colours (BASF AG, Ludwigshafen, Germany) were used.  

All excipients were used as received. 
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3.2 Methods 

Each chapter in the “results and discussion” part has a section describing the methods used 

in detail. 

3.2.1 Nanostructured Lipid Carriers (NLC) 

The production of the Nanostructured Lipid Carriers is explained in the respective results 

chapters (4.1.2 and 4.2.3). 

3.2.2 Nanosuspensions 

Nanosuspension production is described in section 4.1.4 on page 66. 

3.2.3 Laser Diffractometry 

Laser diffractometry is a technique for measuring particles sizes in the range of 40 nm to 

2000 µm (depending on the system used). In can be applied to liquid particles dispersion in 

water and organic solvents but also to dry powders and is based on the diffraction of a laser 

beam on the particle surface. 

The laser beam is expanded using an optical system. It then passes the particle dispersion or 

the powder and is then projected onto a detector (Fig. 3.1). Depending on the particle size 

the laser beam is diffracted by the particle surface, whereas small particle diffract the light in 

a greater angle than larger one, which can be explained by their more curved surface. 

Every particle produces its own diffraction pattern.  

A Fourier lens is used to project the pattern of particles identical in size to the same region 

of the detector no matter in which area of the sample unit it is located. 

The detector is made of concentric rings (e.g. 32), which are located in the focus area of the 

Fourier lens. Since the detector is very expensive, in most LD machines it is not a whole circle 

but consists only of a segment of it.  

As already mentioned, the diffraction pattern of a particle depends on its size. Hence the 

intensity of the diffracted laser light is more intense on the inner rings for small particles and 

on the outer rings for larger particles. In polydisperse systems these patterns are 
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superpositioned. That means, the pattern projected onto the detector is the sum of all 

projection patterns of the particles present in the dispersion. 

To calculate the size distribution, two major theories can be applied. For particles larger than 

about 4 micrometers, the theory of Fraunhofer is used. For smaller particles the theory after 

Mie applies which takes into account also light scattering and absorption of the particles. 

The smaller the sizes the more important are those factors. With particles above 4 

micrometers those effects can be ignored. To be able to apply Mie’s theory, the refractive 

index of the particle and the dispersion medium has to be known. In this work, a real 

refractive index of 1.456 and an imaginary part of 0.001 was used which was  found by 

Schumann in 1996 for intravenous fat emulsions (Müller & Schuhmann, 1996). The majority 

of research groups working in that field has used it since that time. This value is not 

necessarily correct for lipid nanoparticles. However, LD analysis was mainly applied to be 

sure to exclude particles in the micron range. For this purpose, the used values are 

sufficiently exact. There are slight variations in the indices depending on the nature of matrix 

lipid and stabilizer used (Keck, 2006) but for the envisaged development of an oral 

formulation (not an intravenous formulation) these effects can be neglected.  

Laser diffractometry yields a volume distribution of particles sizes present in the entire 

population. As a matter of fact, larger particles (with a larger volume) are taken more into 

account than smaller ones. 

Characteristic parameters of an LD measurement are the mean diameters 50 % (d50%), 90 % 

(d90%) and 95 % (d95%), whereas the number means that e.g. 50 % of the population have a 

size inferior to the size shown.   

The laser diffractometers applied in this work were a Beckman Coulter LS-230 (Beckman-

Coulter, Krefeld, Germany) and a Malvern Mastersizer X (Malvern Instruments, Malvern, 

UK). 
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Fig. 3.1: Schematical set up of a laser diffractometer after (Müller & Schuhmann, 1996)  

3.2.4 Photon correlation spectroscopy (PCS)  

PCS is a widely used method to determine particles sizes in the range of 3 nm to 3 µm in 

colloidal systems. The measurement is based on the fluctuation of light intensity of laser 

light scattered by the sample dispersion.  It is also called “dynamic light scattering”. The 

fluctuation of the scattering is caused by the particles in the dispersion measured moved by 

the Brownian motion of the dispersion medium (most commonly water). PCS yields a mean 

diameter (z-average) and a polydispersity index (PI) as a measure for the width of the size 

distribution (Müller, 1991). A PI of 0 is theoretically indicating a monodisperse population, 

0.10-0.20 indicates a relatively narrow distribution and values > 0.50 indicate a very broad 

distribution. A typical set up of a PCS machine is shown in Fig. 3.2 
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Fig. 3.2: A typical setup of a PCS apparatus. Modified after (Müller & Schuhmann, 1996). 

The sample is illuminated by the laser. The scattered light is then passed through a lens 

which is located at an angle of typically 90° (other angles possible depending on the purpose 

of the measurement). A photodiode or a photomultiplier in older systems measures the 

scattered light’s intensity (and thus the changing of the intensity). 

Small particles move faster than larger ones and therefore cause a higher fluctuation in the 

intensity of the scattered light then larger ones. 

A correlator (hardware or software) transfers the fluctuations into a diffusion coefficient D 

by means of a correlation function.  

If the viscosity of the dispersion medium and its temperature are known, the mean particle 

radius can be calculated using the Stokes-Einstein equation (assuming perfectly round 

particles): 
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where r = mean particle radius, k = Bloltzmann’s constant, T = absolute temperature, η = 

dynamic viscosity and D = diffusion constant  

 

PCS measurements in this work were done using either a Zetasizer 2000HS, Zetasizer 4 or a 

Zetasizer Nano NS (both Malvern Instruments, Malvern, UK) applying a measuring angle of 

90°. All samples were diluted with ultrapure water to an appropriate concentration.  

3.2.5 High performance liquid chromatography (HPLC) 

The drug content of the produced formulations was checked by HPLC. A previously 

published method for the quantification of testosterone and testosterone undecanoate was 

adopted (Claussen, Bose & Dittgen, 2000). NLC formulations and emulsions where dissolved 

in ethylene chloride and then analysed to determine the overall drug content of the 

formulation. 

The HPLC system was a Shimadzu Prominence LC-20AD with the following components: 

DGU-20A degasser, SIL-20AC auto sampler, SPD-20A UV/VIS detector, CTO-20A column 

oven. 

A gradient elution was applied using the following time scheme: 0-2 minutes: 10 % 

acetonitrile in water, 2-5 minutes: 10 % to 96 % in water linearly increasing, 5-17 minutes: 

96 % in water. The flow rate was 0.8 ml/min at 40 °C. 

The HPLC column was a reversed phase RP-18. UV detection was performed at a wavelength 

of 243 nm. The injection volume of the sample was 10 µl. The water and acetonitrile used 

was HPLC grade water purchased from Fisher Scientific. 

The testosterone peak occurred after 10 minutes while the testosterone undecanoate peak 

appeared after 12 minutes. 

k T
6 π η D

r =
k T

6 π η D
r =
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3.2.6 Zeta potential 

The zeta potentials (ZP) were determined using also the Malvern Zetasizer (Malvern 

Instruments). The applied field strength was about 20 V/cm, the electrophoretic mobility 

was converted to the zeta potential by applying the Helmholtz-Smoluchowski equation 

(Müller, 1996). Measurements were performed in distilled water with the conductivity 

adjusted to 50 µS/cm by using sodium chloride solution. Adjustment to 50 µS/cm avoids 

fluctuations of the zeta potentials due to changes in the quality of distilled water ( i.e. the 

conductivity which can fluctuate between 1-10 µS/cm) (Lucks, Müller & Müller, 1990). In 

addition, measurements were performed in the original dispersion, i.e. in 1 % and 2 % 

Tween 80 solution. 

3.2.7 X-ray diffraction 

X-ray analysis was used to determine the crystalline status of the lipid nanoparticles, in 

addition to the DSC measurements. Diffraction patterns were measured using a Philips X-ray 

generator PW 1830 equipped with a copper cathode ( λ = 1.5418 Å, 40 kV, 20 mA) coupled to 

a computer-interfaced Philips PW 1710 diffractometer control unit. The scattered radiation 

was measured with a vertical goniometer (Philips PW 1820) (Philips Industrial & Electro-

Acoustic Systems Division, Almelo, the Netherlands). The system is a powder diffractometer 

– it can only analyse particles in suspensions if the viscosity of the dispersion medium is 

sufficiently enhanced. For analysis of highly fluid suspensions a viscosity enhancer is added 

(e.g. xanthan gum). In the case of the paste this was not necessary becaus e it had already a 

sufficiently high viscosity. 

3.2.8 Differential scanning calorimetry (DSC) 

The particle matrix structure was investigated by differential scanning calorimetry (DSC) 

using a Mettler Toledo DSC821e (Mettler-Toledo, Giessen, Germany). For analysis the 

materials were weighted in 40 mg pans. Heating and cooling rates were 5 K/min., 

respectively. The thermograms were analysed using the STAR software.  
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3.2.9 Light microscopy 

The NLC dispersions were also characterised by light microscopy using a microscope Leitz 

Orthoplan (Leitz, Wetzlar, Germany). Analysis was performed applying up to 

1000 x magnification and oil immersion. The intention to use light microscopy was to screen 

for particles and aggregates being larger than 1 µm. To increase the probability of detecting 

such particles, the NLC suspensions were analysed undiluted.  

 

3.2.10 Determination of serum testosterone levels 

Serum analysis was done using an enzyme immunoassay (EIA) test No. 582701 from Cayman 

Chemicals (USA) (Ann Arbor, Michigan, USA) 

Analysis was performed following the extraction procedure provided by the manufacturer. 

The test was used exactly as directed. Recovery rates were determined using a cold spike 

method and found to be approx. 90 %. The plate was read using a microplate reader (Tecan 

Sunrise, Tecan, Männedorf, Switzerland) at 412 nm wavelength. 

Results were calculated following the instructions given by the manufacturer using the 

provided spreadsheet (MS Excel 2003). 

The assay test is based on the competition of testosterone and a testosterone tracer for a 

limited amount of testosterone antiserum. The concentration of the tracer is held constant; 

the concentration of testosterone varies (depending on the serum level of the sample). 

Therefore the amount of tracer which can bind to the antiserum is inversely proportional to 

the testosterone concentration of the sample. Ellman‘s reagent is an substrate to the tracer 

and is used to determine the amount of bound tracer. The product of the enzymatic reaction 

has a yellow colour. Its concentration can be assessed using a photometer (microplate 

reader) (after (Cayman Chemicals, 2006)) 

A typical picture of a developed test can be seen in Fig. 3.3 
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Fig. 3.3: Typical picture of a developed EIA test. The different colours indicate different 

concentration of the samples. 

3.2.11 In vivo studies 

Experiments were carried out in compliance with the French legislation on animal 

experiments under the personal experimentation authorisation No. 54–68. 

3.2.11.1 Animals 

Male Wistar rats (purchased from Charles River, Wilmington, MA, USA) were used for the in 

vivo studies. 
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Fig. 3.4: A rat with marked tail used for the in vivo experiments during weighing prior to the 

sample administration. 

3.2.11.2 Housing and treatment 

Housing 

Animals were delivered to the laboratory at least 5 days before the experiments during 

which time they are acclimatized to laboratory conditions.  

Rats were housed in groups of 4 in cages under standard conditions: room temperature (21 

± 3 °C), light/dark cycle (12/12 h with lights on from 7 a.m. to 7 p.m.). They have free access 

to food and water. Each animal can be identified by a marking on the tail with a permanent 

pen (Fig. 3.4). 
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There is no reason to expect that any contaminant or nutritional component will be present 

in the feed, direct bedding or water at levels capable of interfering with the results of the 

tests.  

Treatment 

Animals were deprived of food 12 hours before the treatment but still had free access to 

water. 

Prior to administration of the dose, a blood sample was taken to determine the testosterone 

level at t = 0. 

For the in vivo tests with oral drug administration rats were divided into groups of four 

animals and one replacement animal. The replacement animal was treated exactly the same 

way as the other rats and was used in case of one of the “regular” group members could not 

be used. 

The freshly prepared samples were administered to the rats by means of a feeding needle 

and a syringe. The dose applied was 10 mg TU per kg body weight for the oral in vivo tests 

and 1 mg TU per kg for the intravenous studies. In case of the administration of testosterone 

the dose was adapted to be equal to the TU value. Fig. 3.5 shows a dose just prior and after 

administration to one of the rats. 
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Fig. 3.5: Dose ready for administration (left). The right hand picture shows the animal and 

the empty syringe just after administration.  

The volume of administration was typically between 300 and 500 µl depending on the 

weight of the animal. The dead volume of the feeding needle was determined for every 

sample to guarantee the exact dose to be delivered into the stomach of the rat.  

After administration, rats were put back into the cages where they were allowed to move 

freely and had access to drinking water.  

400 µl of blood were drawn from the animal by heart puncture. After 30 minutes of cold 

storage (4 °C) the samples were centrifuged at 6000 x g (also at 4 °C). 

The obtained serum was then immediately transferred into polypropylene tubes which were 

stored at -80 °C until they were assayed for testosterone concentration.  

 

---
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3.2.11.3 Sample administration 

Number of administration: One single administration per rat was performed. 

Route of Administration: Oral administration with a feeding needle 

Animal groups: 3 groups of 4 male rats each.  

One additional rat per group was used to possibly replace an animal, which would have been 

judged ill during the habituation period.  

Animals were deprived of food overnight prior to administration. Twelve hours post-

administration, they were offered food ad libitum. 

Body weight measurement was recorded for each animal prior to administration.  

3.2.11.4 Blood sampling 

Blood samples were collected before (T0) and then after the test item administration 

according to the schedule indicated in table 3.1. 

Table 3.1: Blood sampling time schedule 

Blood sampling Time of sampling Rat n° 

1 T0 + 1 hours 1 to4 

2 T0 + 2 hours 5 to 8 

3 T0 + 3 hours 9 to 12 

4 T0 + 4 hours 1 to4 

5 T0 + 6 hours 5 to 8 

6 T0 + 8 hours 9 to 12 
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A total of 3 blood samples per animal were thus collected for 8 hours for each formulation. 

Approximately 400 µL of blood were collected by heart puncture using sterile syringes with a 

needle. 

The tubes were then gently mixed and held at 4 °C for 30 minutes and then centrifuged at 

4 °C for 15 min at 6000 x g. The serum obtained were immediately transferred into 1.5 mL 

polypropylene vials and stored at -80 °C. 
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4 Results and Discussion 

4.1 Testosterone and testosterone undecanoate nanocarriers for oral bioavailability 

enhancement 

4.1.1 Rationale of development 

As outlined before, the oral bioavailability of testosterone is relatively low (approximately 

1 %) due to the pronounced first pass metabolism of the liver (Johnsen, 1978; Frey, Aakvaag, 

Saanum & Falch, 1979; Foye, Lemke & Williams, 2007). Lipophilic derivatives of testosterone 

(e.g. testosterone undecanoate (TU)) possess a higher bioavailability of about 3 % in beagle 

dogs and 7 % in man (Köhn & Schill, 2003; Shackleford et al., 2003). Therefore TU is used in 

commercial preparations, e.g. Andriol® and Andriol Testocaps® (Shackleford et al., 2003). 

The latter one is a solution of TU in castor oil and Lauroglycol  FCC. The rationale for replacing 

Andriol® by Andriol Testocaps® was the low stability and the very short shelf life (3 months) 

of the original product. It had to be stored at 8 °C (Shackleford et al., 2003). The weight of 

the total solution in these two capsules is 770 mg. Obviously, two capsules are not patient-

friendly; in addition multiple units reduce the compliance. In addition, the bioavailability of 

Andriol Testocaps® is strongly dependent on the non-fed/fed status of the patient (Bagchus, 

Hust, Maris, Schnabel & Houwing, 2003; Schnabel, Bagchus, Lass, Thomsen & Geurts, 2007). 

Nanoparticulate delivery systems are known to increase the oral bioavailability (Liversidge & 

Conzentino, 1995; Liversidge & Cundy, 1995; Hanafy et al., 2007). In addition, lipids as an 

excipient are also promoting the oral absorption (Charman, 2000; Porter & Charman, 2001a; 

Shackleford et al., 2003). The nanostructured lipid carriers (NLC) unify in one delivery system 

both aspects being nanoparticulate and composed of l ipids as particle matrix. The advantage 

of the nanoparticles is that they also show a lymphatic uptake when their size is below about 

100 nm, the cutting edge size for lymphatic absorption (Liversidge & Cundy, 1995). The TU 

bioavailable in the blood is mainly a result of lymphatic absorption. Therefore a 

nanoparticulate delivery system could exploit the lymphatic route for leading to an 

improved bioavailability. 
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Solid lipids and oils were screened regarding their solubility properties for TU to be used in 

NLC production. NLC were produced with different matrix compositions and sizes to allow 

the study of these effects on the in vivo bioavailability. The particles were characterised 

regarding size, surface charge, structure of matrix and short-term stability with perspective 

of developing an improved oral formulation.  

Another promising approach to increase the oral bioavailability of poorly soluble drugs are 

drug nanocrystals (Liversidge & Cundy, 1995; Keck & Müller, 2006; Möschwitzer & Müller, 

2006a; Möschwitzer & Müller, 2007). Production of drug nanocrystals is simpler than 

producing NLC. Therefore and for reasons of convenience and costs, drug nanocrystals can 

be considered as carrier system of first choice. In case the drug nanocrystals do not work or 

do not work sufficiently, the NLC are the alternative delivery system. NLC are especially of 

value when the presence of lipid promotes drug absorption. This is the case for TU because 

the bioavailability is very much dependent on the fed state (Bagchus, Hust, Maris, Schnabel 

& Houwing, 2003; Schnabel, Bagchus, Lass, Thomsen & Geurts, 2007). Considering this, NLC 

were chosen as nanocarrier system. However, it appeared also worthwhile to run 

nanocrystals formulations as well. 

Not only TU was investigated, also the “original” molecule testosterone. After absorption TU 

is fast metabolised into T, therefore it was a logic approach by companies to use TU instead 

of T because of its higher bioavailability. Nevertheless there is the general trend in pharmacy 

to use rather original molecules than synthetic derivatives. For this reason testosterone was 

also included. In addition, testosterone nanocrystals could contribute to better 

understanding of mechanisms and be used for exploring new potential opportunities. 

Furthermore, testosterone could not be formulated as NLC since its solubility in lipid 

mixtures is too low. 

4.1.2 Production method of tetstosterone undecaonate nanostructured lipid carriers 

(NLC) 

The NLC were produced by melting the lipid blend at 75 °C, dissolving the TU and 

homogenising the TU-containing blend in a hot Tween 80 solution of identical temperature. 

The Tween 80 concentrations used were 1 % and 2 %, respectively. The obtained coarse 
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macroemulsion was homogenised using a Micron Avestin emulsiflex B3 homogeniser 

(Avestin Europe, Mannheim, Germany). The applied production pressure and the number of 

cycles were varied to modify the particle size: 200 to 500 bars and 1 to 3 cycles. For 

homogenisation at 75 °C, the Avestin emulsiflex B3 was equipped with a temperature 

control jacket. 
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4.1.3 Testosterone undecanoate NLC: Production and characterisation 

4.1.3.1 Lipid screening and testosterone undecanoate solubility 

Two capsules of Andriol Testocaps® are required to deliver one single dose because the 

solubility of TU is limited in the capsule oil mixture (approx. 10 %, 80 mg TU in 770mg oil 

solution in two capsules). To load the NLC with a dose as high as possible, a lipid screening 

was performed determining the solubility of TU in oils and in melted solid lipids. Primary 

focus was on the lipids which appeared promising for delivery of TU according to theoreti cal 

considerations. According to Charman, glycerides with fatty acids with a carbon chain length 

of 16-18 atoms have the greatest potential to increase lymphatic absorption (Charman & 

Porter, 1996; Charman, 2000; Porter & Charman, 2001b). Therefore Dynasan 118 was 

chosen as triglyceride of stearic acid (which is a C-18 fatty acid). To look at the effect of the 

lipid structure, triglyceride versus fatty acid, stearic acid itself was chosen as another C -18 

lipid. Admixing of oil to a solid lipid reduces the melting point. As a result, to achieve a high 

oil load, it is favourable to have lipids with a very high melting point. Carnauba wax with a 

melting point of 82-86 °C was chosen due to previous experiences. It allowed incorporation 

of up to 60 % oil and yielded NLC still solid at 40 °C. Oleic acid was included as oil component 

because it is contained in Andriol® and possesses very good solubility properties for TU. As 

an alternative, castor oil was also investigated. It is the oil component of Andriol Testocaps®. 

The screening was done in steps of 5 %. 

Table 4.1.1 shows the different solubilities. Oleic acid was superior in dissolution of TU 

compared to castor oil having a 5 % higher solubility both at room temperature and at 75 °C. 

The solubility of TU in the melted stearic acid was 25 %, and 30 % for Dynasan 118 and 

carnauba wax. Dissolving TU in the mixtures of oil and lipid increased the solubility in all 

mixtures by 5 % compared to the best solubility in one of the single components. This can be 

explained by the difference in dissolution behaviour between ideal binary mixtures of two 

solvents and real mixtures. In ideal binary mixtures the solubility in a mixture is the sum of 

the solubility in both components, based on the mol fractions of each of the components. In 

real binary mixtures there can be a negative or positive deviation yielding lower or higher 

solubility. Fortunately in the investigated real mixtures the solubility of TU was higher which 

was favourable for the production of NLC. 
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In general the solubility of a component in a solid lipid is lower than in a liquid lipid. 

Therefore admixing an oil to the solid lipid to produce NLC leads to an increased drug 

loading compared to the first generation of lipid nanoparticles, the solid lipid nanoparticles 

(SLN) (Müller, Mäder, Lippacher & Jenning, 2000; Muchow, Maincent & Müller, 2008). In 

addition, the presence of the oil molecules distorts the formation of perfect lipid crystals of 

the solid lipid. This leads to imperfections, which is favourable for drug inclusion (Müller, 

Radtke & Wissing, 2002). 

Table 4.1.1: Solubility (%) of testosterone undecanoate in oils at room temperature and in 

oils, molten lipids and blends of oils and molten lipids at 75°C after 30 minutes. 

Lipid Solubility (25°C) 

Oleic acid 25% 
Castor oil 20% 

 Solubility (75°C) 

Oleic acid 30% 

Castor oil 25% 
Dynasan 118 30% 

Stearic acid 25% 
Carnauba wax 30% 

Oleic acid/Dynasan 118 (1:1) 35% 

Oleic acid/stearic acid (1:1) 30% 
Carnauba wax/oleic acid (1:1) 40% 

4.1.3.2  Production of NLC: Size  

For the production of NLC mixtures of Dynasan 118 with oleic acid (50:50) were chosen. The 

basic drug loading was 15 %. The rationale behind was to have still a high lipid to drug ratio 

(85:15) to exploit the absorption promoting properties of the lipid. Two different 

concentrations of Tween 80 were chosen (1 % and 2 %) to obtain particles with different 

sizes. This should allow investigating the size effect but maintaining the same composition of 

the particle matrix and drug loading. One formulation was produced with 30 % drug content 

to investigate in vivo the effect of a reduced lipid to drug ratio (70:30). Can a similarly high 

bioavailability still be achieved at the lower ratio? The forth formulation was chosen to 

compare the effect of glyceride versus fatty acid in the particle matrix, i.e. producing NLC 

with stearic acid/oleic acid (50:50) instead of using Dynasan 118. For these particles again 

2 % Tween 80 were chosen, because from theoretical considerations small particles should 
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result in a higher bioavailability compared to larger NLC. Table 4.1.2 gives an overview of 

these four NLC formulations. 

Table 4.1.2: Overview of the formulations used: All formulations contained a 10 % lipid 

phase (= solid lipid, oil and drug).  

Formulation Tween 80 Lipids (ratio solid lipid : liquid lipid) TU content of lipid phase 

NLC1 1 %  Dynasan 118/oleic acid (50/50) 15 % 

NLC2 2 %  Dynasan 118/oleic acid (50/50) 15 % 

NLC3 2 %  Dynasan 118/oleic acid (50/50) 30 % 
NLC4 2 %  Stearic acid /oleic acid (50/50) 15 % 

 

Table 4.1.3 shows the mean PCS diameters and the polydispersity indices (PI) of these four 

formulations. As expected, the formulation with only 1 % Tween 80 and homogenised with 

just one homogenisation cycle and 200 bars yielded a relatively large size of about 600 nm. 

Increasing the concentration to 2 % Tween 80 and applying 3 homogenisation cycles and 500 

bars yielded a size of about 200 nm for both the Dynasan 118/oleic acid NLC loaded with 

15 % and 30 %, respectively. This allowed comparing in vivo large size versus small size NLC 

(identical lipid: drug ratio). Furthermore, small size NLCs were compared with high and low 

lipid to drug ratio 85:15 and 70:30 (i.e. a lower and higher drug loading, 15 % and 30 % TU). 

In formulation 4 Dynasan 118 was replaced by stearic acid (15 % TU), also a size of about 

200 nm was achieved. Therefore all target sizes could be produced for the envisaged in vivo 

study. The polydispersity index for all formulations was around 0.20 indicating a relatively 

narrow size distribution. This was confirmed by the laser diffractometry diameters 50 % and 

90 %. For example, the diameter 90 % is 0.91 µm for the larger sized NLC1 and about 

0.50 µm for the other three NLC formulations 2, 3 and 4 (Table 4.1.4). The LD diameters 

50 % are in general higher than the PCS diameters, because laser diffractometry yields a 

volume size distribution. The diameters 50 % confirm also that NLC1 are larger than the 

other NLC formulations, NLC2 to 4 are similar in the diameter 50 % (0.25-029 µm). 
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Table 4.1.3: PCS sizes of the formulations directly after production (n=3)  

Formulation PCS size [nm] PI 
NLC1 592 (±7) 0.15 (±0.02) 

NLC2 176 (±0) 0.23 (±0.01) 

 
NLC3 215 (±3) 

 
0.15 (±0.01) 

NLC4 200 (±3) 
 

0.23 (±0.02) 

 

Table 4.1.4: Laser diffractometer measurements of the formulations directly after 

production 

Formulation LD50 % [µm] LD90 % [µm] 

NLC1 0.37 0.91 
NLC2 0.25 0.40 

NLC3 0.28 0.48 

NLC4 0.29 0.54 

4.1.3.3  Structural investigations 

The bulk material of TU and the blends of the solid lipids with the oils were investigated. 

Fig. 4.1.1 shows exemplarily the DSC curve of TU and the blend of Dynasan 118 and oleic 

acid. The TU melts at 64.4 °C, the peak maximum of the lipid blend is at 66.6 °C. Fig. 4.1.2 

shows exemplarily the DSC curves after incorporation of 15 % and 30 % TU in these matrices. 

The melting peaks are at 66.5 °C and 65.4 °C showing only a slide reduction in the melting 

point due to TU. From the distinct sharp shape of the melting peaks it can be concluded that 

TU is molecularly dispersed in the blend and not precipitated as a separate crystalline 

fraction. The cooling curves of the DSC show a recrystallisation of TU in two peaks, a minor 

peak at 47.0 °C and a major peak at 27.9 °C (Fig. 4.1.1, upper). In contrast to this, a bimodal 

peak is obtained with the lipid blend having peak maxima at 42.2 °C and 35.3 °C (Fig. 4.1.1, 

lower). The shape of this recrystallisation peak remains practically the same, apart from an 

increase of the peak height at about 42 °C when moving from 15 % TU to 30 % TU (Fig.4.1.2). 

A separate recrystallisation peak of TU is absent, supporting also the assumption that TU is 

molecularly dispersed. At least no crystalline TU is present. 
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Fig. 4.1.1: DSC curve of the bulk material of testosterone undecanoate (upper) and a blend 

of Dynasan 118 and oleic acid (50/50) [m/m] (lower) 
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 Fig. 4.1.2: DSC curve of the bulk material of a blend of 15 % testosterone undecanoate, 

42.5 % Dynasan 118 and 42.5 % oleic acid (upper) and a blend of 30 % testosterone 

undecanoate, 35 % Dynasan 118 and 35 % oleic acid indicating the complete solution of TU 

in the lipids. 
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This is confirmed by the X-ray diffractograms. Fig. 4.1.3 shows the X-ray diffraction patterns 

of the bulk material of TU and the blend of Dynasan 118 and oleic acid. Analysis of the NLC 

dispersions revealed an amorphous halo due to presence of water, superimposed with the 

peaks of the lipid, the TU peaks were absent. Fig. 4.1.4 shows this exemplarily for 15 % and 

30 % TU incorporated in a matrix of Dynasan 118/oleic acid. Crystalline TU is absent, or to be 

more precise: below 5 %, which is the detection limit of the applied X-ray diffraction. 
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Fig. 4.1.3: X-ray diffraction pattern of the bulk material of testosterone undecanoate (TU) 

(upper) and a blend of oleic acid and Dynasan 118 (50/50) [m/m] (lower)  
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Fig. 4.1.4: X-ray diffraction pattern of a 10 % aqueous NLC dispersion made of 15 % TU 

(upper) and 30 % TU (lower) in Dynasan 118 and oleic acid (50/50) showing a solution of TU 

in both concentrations. None of the characteristic peaks of the TU bulk material can be 

found in the patterns 
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The NLC suspensions were also analysed by light microscopy using up to 

1000 x magnification (Fig. 4.1.5). The pictures taken directly after production (400x 

magnification) show a more coarse suspension for the formulation NLC1 with a mean PCS 

diameter of 600 nm. The formulations NLC2 and NLC3 show a very fine appearance. With a 

mean PCS diameter of about 200 nm the main population is below the detection limit of the 

microscope. The larger particles in these two formulations detectable with the microscope 

reveal that they are relatively small. Formulation NLC4 shows a slighter coarse image, which 

is in agreement with the tendency to aggregate, found in the short-term stability study (see 

below). 

 

Fig. 4.1.5: Light microscopic pictures of the NLC formulations NLC1 (A), NLC2 (B), NLC3 (C), 

NLC4 (D). The formulation with the larger particles (NLC1) can be clearly distinguished from 

NLC2 and NLC3 (which have similar compositions). NLC4 has a different pattern due to a 

different solid lipid used (stearic acid). 

A B 

C D 
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4.1.3.4  Zeta potential 

The zeta potential is a parameter to roughly estimate the physical stability of dispersions. 

The zeta potential measured in distilled water is set to be identical to the Stern potential. 

The Stern potential is a function of the Nernst potential of the surface. The higher the Nernst 

potential, the higher is the Stern potential. The zeta potential measured in the original 

dispersion medium is a measure of the actually stabilising force in the original dispersion, i.e. 

it is a measure of the thickness of the diffuse layer. 

The zeta potentials measured in distilled water were lowest for NLC1 (-18.6 mV), about 

-30 mV for NLC2 and 3 and about -40 mV for NLC4 (table 4.1.5). The high zeta potential for 

NLC4 can be explained by the presence of stearic acid introducing additional charges to the 

particle surface, the Nernst potential. The zeta potentials in the original dispersion medium 

were slightly reduced. Based on these data, least stability was expected for formulation 

NLC1, but highest for formulation NLC4.  

Table 4.1.5: Zeta potential results: Measurements were performed in ultrapure water 

adjusted to a conductivity of 50 µS/cm 

Formulation Zeta potential [mV] 

NLC1 -18.6 

NLC2 -29.3 
NLC3 -29.8 

NLC4 -38.5 

4.1.3.5  Short term stability 

The NLC suspensions were stored at room temperature and the size monitored as  a function 

of storage time over 3 months. Table 4.1.6 shows the PCS and LD data. NLC1 was not stable, 

this is in agreement with the measured lower zeta potential. After one week the suspensions 

showed microscopically visible large aggregates and size measurements were not continued. 

The NLC formulations 2 and 3 were stable over a period of three months. There was little 

change in PCS mean sizes and LD diameters. Surprisingly formulation NLC4 was found to be 

also unstable at measuring point one week. Due to the highest zeta potential measured, a 

better stability was expected. However, these instabilities can be explained by bridging 

phenomena that some fatty acids and longer chain alcohols can cause (Kutz, 2001). 
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Nevertheless, it should be pointed out that for a pharmaceutical oral formulation a stability 

of just one day is fully sufficient because the aqueous suspensions will be transferred to a 

tablet or a spray-dried product anyway. That means immediately after NLC production the 

subsequent processing step to the final dosage form can be performed.  

Table 4.1.6: Short term stability of the formulations. 

Formulation Day 0 Day 3 1 week 4 weeks 3 months 

PCS size in nm and polydispersity index (in brackets) 
NLC1 592±7 

(0.15±0.01) 
576±12 
(0.55±0.05) 

unstable unstable unstable 

NLC2 176±1 
(0.23±0.01) 

173±4 
(0.23±0.03) 

169±1 
(0.30±0.17) 

175±3 
(0.22±0.01) 

174±4 
(0.23±0.02) 

NLC3 215±3 

(0.15±0.01) 

228±7 

(0.13±0.11) 

227±5 

(0.13±0.08) 

208±1 

(0.15±0.02) 

232±3 

(0.11±0.01) 
NLC4 200±3 

(0.21±0.01) 

281±8 

(0.35±0.23) 

unstable unstable unstable 

Laser diffractometry size data (LD50 and LD90) in µm  
 LD50 LD90 LD5

0 

LD90 LD50 LD9

0 

LD50 LD90 LD50 LD90 

NLC1 0.37 0.91 0.45 1.24 unstable     

NLC2 0.25 0.40 0.26 0.43 0.28 0.41 0.26 0.44 0.29 0.47 
NLC3 0.28 0.48 0.29 0.53 0.30 0.55 0.29 0.51 0.33 0.55 

NLC4 0.29 0.54 0.37 0.77 unstable     

4.1.4 Nanosuspensions 

Nanosuspensions where prepared by ball milling the bulk product with a Bühler PML-2 mill 

(Bühler, Uzwil, Switzerland) for 30 minutes with pearls of 0.2 mm. The obtained crude 

suspension was then homogenized with an LAB 40 homogenizer (APV Deutschland GmbH, 

Unna, Germany) with 3 cycles at 1000 bars and 2 cycles at 1500 bars at room temperature. 

Particle sizes were measured as mentioned above. 

4.1.5 Bioavailability studies 

4.1.5.1 Bioavailability study of TU and T versus Andriol Testocaps® 

Nanocrystals are a much simpler approach than NLC for the oral delivery of poorly sol uble 

drugs. They can be considered as a formulation of first choice. Therefore in the first part of 

this in vivo study, nanocrystals of testosterone undecanoate (TU) and testosterone (T) were 
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prepared and compared regarding their bioavailability (BA) relative to Andriol Testocaps®. In 

general, the commercial pharmaceutical products for testosterone replacement therapy do 

not contain the original molecule testosterone, but lipophilic derivatives, such as 

testosterone undecanoate (TU) and testosterone propionate (TP). The reason for this is very 

simple: The bioavailability of testosterone is even much lower than of the lipophilic 

derivatives. TU has an oral bioavailability of about 7 %, TP much below that (Köhn & Schill, 

2003). In addition, TU is very fast de- esterified to mainly T after absorption. Therefore in 

these in vivo studies, only T was analysed in the blood, not TU itself. 

For reasons of market differentiation, there is still a demand of pharmaceutical industry to 

successfully deliver oral testosterone. That is why for this study nanocrystals of both TU and 

T were prepared as described in the methods section. The size of the T nanocrystals was 

about 800 nm. Further reduction by high pressure homogenisation was not possible since 

the material proved to be very hard. However, this size was sufficient for a first study for 

getting an impression how effective nanocrystal T formulations can be. TU nanocrystals 

were prepared with a size of 474 nm. The serum profiles show a very steep increase for both 

nanocrystal formulations at the first measuring point of one hour (Fig. 4.1.6, lower). The 

serum concentration is about double as high compared to Andriol Testocaps® (Fig. 4.1.6, 

upper). This is very interesting because: 

1. It proves that absorption from the nanonised material is very fast. 

2. Absorption of the 20 times larger sized T nanocrystals (865 nm) is as fast as the one for 

the small sized TU nanocrystals (474 nm) 

3. It cannot be excluded that especially for T nanocrystals an even higher serum 

concentration is present at 0.5 hours (concluded from the fast decrease in serum 

concentration from one hour to two hours). 

4. The fast decay of the T serum concentration is potentially attributed to the faster transit 

of the large nanocrystals through the gastrointestinal tract; the absorption window in the 

upper gut is passed faster. 

5. The very small TU nanocrystals are more mucoadhesive, consequently they remain for a 

longer time in the absorption window. 
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6. It is very remarkable that such high serum concentrations were obtained despite the fact 

that no lipid at all was co-administered with the nanocrystals, considering that lipids are 

known to increase the TU absorption.  

Based on these data conclusions can be made for optimising the nanocrystal formulations: 

1. The T nanocrystals dissolve fast, but measures need to be taken to keep them longer in 

the absorption window. 

2. Increased retention time can be achieved by reducing the size or alternatively stabilising 

them with a mucoadhesive polymer (e.g. chitosan HCl). 

3. Lipid can be co-administered with the nanocrystals to exploit the absorption enhancing 

effect of lipids, thus further increasing the BA. 

In the commercial product Andriol Testocaps®, TU is dissolved in oil. Based on the 

consideration that administering 10 mg TU per kg bodyweight will lead to serum 

concentrations of T which can be analytically quantified, this dose was chosen for all in vivo 

tests. Administering this oil solution would have required to administer an amount as small 

as 20 µl for an average rat of 250 g. This amount is too small for a proper, definite 

administration. Therefore the TU oil solution of Andriol Testocaps® was taken out of the 

capsule and dispersed in Tween 80 solution to obtain a macroemulsion. The main fraction of 

the oil droplets was in the range 5-10 µm. This resembles the dispersion of the oil after 

release from the capsule which takes place by movement of the gut, the reduced interfacial 

tension of the gut fluids (approx. 40 mN/cm (Kalantzi et al., 2006)) and the presence of 

surfactants such as bile salts. The administration volume of this macroemulsion was 500 µl. 

For a rat of 250 g, the emulsion contained 2.5 mg TU and 21 mg oil (lipid). (This lipid was not 

present when administering the nanosuspensions.) 

The maximum serum concentrations (cmax) obtained with Andriol Testocaps® are half or a 

little bit more than half of the ones obtained with the nanocrystals. However, Andriol 

Testocaps® shows a distinctly prolonged serum level. The width of the major serum peak is 

up to double compared to the nanocrystals. It is assumed that absorption mainly takes place 

by two mechanisms: 
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1. The oil droplets are degraded by enzymes, surface-active monoglycerides are formed 

leading to the formation of TU-loaded micelles. Absorption can take place across the gut 

wall and via the lymphatic system. 

2. The enzymatic degradation is a surface degradation, thus decreasing the size of the TU-

loaded oil droplets. When the size is below 100 nm, the droplets are small enough for 

lymphatic uptake, as described in the literature (Olbrich, 1998; Müller & Olbrich, 1999; 

Olbrich & Müller, 1999; Olbrich, Kayser & Müller, 2002). 

Potential explanations for the prolonged serum level of Andriol Testocaps® are: 

1. For an unknown reason, the oil droplets remain longer in the absorption window.  

2. The presence of fat allows absorption at sites where drug from nanocrystals cannot be 

absorbed anymore. 

The shape of the observed Andriol Testocaps® serum profile is generally in accordance with 

the serum profiles published by the group of William Charman. However, it needs to be kept 

in mind that these studies were done in beagle dogs (Shackleford et al., 2003).  

Fig. 4.1.6 (lower) shows the AUC values for the time period of the first 8 hours. Taking into 

account that the nanocrystals were tested without any formulation optimisation, the AUC 

values achieved are very promising. The TU nanosuspension is close to Andriol Testocaps®. 

This holds promise to match the Andriol Testocaps® bioavailability when optimising the TU 

nanosuspension formulation as outlined above. It seems possible to incorporate a single 

dose of TU nanocrystals into one tablet or capsule. Instead of optimising the formulation, 

one could also take the approach to administer a slightly higher dose to compensate for the 

lower oral bioavailability observed. Such an approach can only be followed in case the 

“access part of drug” is not absorbed and just passes the gut non-absorbed. In case of TU the 

problem is that this access drug would be absorbed, immediately be metabolised by the first 

pass effect of the liver, thus leading to higher TU and T concentrations in the liver which 

could cause undesired side effects. Therefore it is definitely a smarter approach to optimise 

the nanocrystals formulation.  
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Fig. 4.1.6: Testosterone serum concentration plot after an oral administration of T 
nanosuspension, TU nanosuspension and Andriol Testocaps dispersed in Tween 80 (upper). 
Comparison of the area under the curve values of after 8 hours (lower).  

0

1000

2000

3000

4000

5000

6000

7000

0 1 2 3 4 5 6 7 8

TU Nanosupension

T Nanosuspension

m
ea

n
co

nc
en

tr
at

io
n

[p
g

/m
l]

time [h]

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

Andriol Testocaps TU Nanosuspension T Nanosuspension

A
U

C
 [p

g*
h

/m
l|

]

AUC values after 8 hours



71 

 

 

Table 4.1.7 lists the bioavailability parameters calculated from the serum profiles. The 

nanocrystals possess higher cmax and shorter tmax, which is well described in the literature as 

a general feature of orally administered nanocrystals (Liversidge & Cundy, 1995). In case 

such higher cmax and short tmax are not required or even should be avoided, the nanocrystals 

need to be combined with a controlled release technology, e.g. incorporating the 

nanocrystals into pellets, a hydrocolloid matrix tablet or by coating the single nanocrystals as 

described by Möschwitzer et al. (Möschwitzer & Müller, 2006b). There is evidence in 

literature that the presence of lipid promotes absorption of TU (Horst et al., 1976; Bagchus, 

Hust, Maris, Schnabel & Houwing, 2003; Köhn & Schill, 2003; Shackleford et al., 2003; 

Schnabel, Bagchus, Lass, Thomsen & Geurts, 2007), which could be exploited to generally 

increase the AUC of nanocrystals by co-administration. 

 

Table 4.1.7: Key pharmacokinetic parameters of the formulations. Explanations are given in 
the text. 

Formulation Cmax [pg/ml] Tmax [hours] AUC after 8 h [pg*h/ml] 

Andriol in Tween 80 solution (“fasted”) 2,483 2 8,542 

Andriol in castor Oil/Lauroglycol (“fed”)  6,408 1 13,105 

TU Nanosuspension 3,481 2 6,667 

T Nanosuspension 3,682 1 4,312 

NLC 30 % Dynasan (approx. 600 nm) 5,533 1 10,208 

NLC 30 %  Dynasan (approx. 200 nm) 6,036 1 13,950 

NLC 15 %  Dynasan (approx. 200 nm) 8,589 1 12,933 

NLC 15 %  stearic acid (approx. 200 nm) 6,675 2 11,976 
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4.1.5.2 Bioavailability of Andriol Testocaps® versus Andriol Testocaps® with additional 

lipid (non-fed vs. fed state) 

Serum concentrations after oral administration of TU are much higher in the fed state 

compared to the non-fed state. Bagchus et al. found an almost 10 times higher 

bioavailability in the fed state compared to the fasted state in men (Bagchus, Hust, Maris, 

Schnabel & Houwing, 2003). To study the effect of lipid on the absorption, in the second 

study the bioavailability of Andriol Testocaps® dispersed in Tween 80 solution was compared 

to Andriol Testocaps® with additionally added lipid, i.e. a mixture of Lauroglycol FCC 

(Propylene glycol monolaurate ) and castor oil (40 %:60 %). This is exactly the composition of 

the liquid oil phase in the Andriol Testocaps® capsules. It should be investigated if the 

presence of more “lipophilic excipient” from the capsule formulation promotes absorption.  

Fig. 4.1.7 (upper) compares the serum profiles of these two formulations. Surprisingly the 

shape of the serum profiles completely changed when Andriol Testocaps® was administered 

in an oil phase. The profile resembles very much the profiles obtained with T nanocrystals, a 

very high cmax and short tmax. The cmax is even about 50 % higher compared to the 

nanocrystals, the tmax is identically at one hour. It cannot be excluded that there would be 

differences at earlier time points of 15 minutes and 0.5 hours, but this early time points 

were not covered in these in vivo studies. Clear aim of these studies was to get a first 

overview, especially to assess if any relevant bioavailability can be obtained at all when 

administering the developed nanocarriers.  

The initial very high serum peak can be explained by better dispersion of the administered 

oil due to the surfactant present in the oil phase and potential stimulation of bile salt 

secretion. Both can lead to the formation of finer, smaller oil droplets. Smaller droplets 

increase the bioavailability as this is well described for the microemulsion formulation of 

cyclosporine (Sandimmun Neoral, Optoral) (Meinzer, Müller & Vonderscher, 1998). After the 

initial peak a pronounced tailing of the profile occurs, which does not exist for the 

investigated nanocrystals. This kind of prolonged serum level is similar to the one of Andriol 

Testocaps® administered in aqueous Tween solution. It can be summarised that the serum 

profile obtained from Andriol Testocaps® administered in oil is a superposition of the serum 
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profiles of nanocrystals and Andriol Testocaps® administered in aqueous Tween solution: An 

initially high serum peak (identical to nanocrystals) followed by a prolonged serum level 

(identical to Andriol Testocaps® dispersed in aqueous surfactant solution).  

The serum profiles of the fed state versus the non-fed state in men described in (Bagchus, 

Hust, Maris, Schnabel & Houwing, 2003) show an even more pronounced change in shape as 

observed in these studies. 

Fig. 4.1.7 (lower) shows the AUC values of both formulations, the AUC of Andriol Testocaps® 

in oil is about 50 % higher. It demonstrates the effect of lipid present on the absorption of 

TU quite well. For a better understanding of the in vivo situation in humans, a model 

calculation is made. In Andriol Testocaps® capsules, there is 8 mg lipid phase per 1 mg 

testosterone (total weight of capsule content: 335 mg, drug content: 40 mg TU). When 

dispersing the required dose for the rat of 2.5 mg/animal TU in 250 mg oil mixture, this 

corresponds to 99 mg lipid per 1 mg drug TU. For a dose of 80 mg TU the amount of lipid 

equals almost 8,000 mg. When swallowing two capsules of Andriol Testocaps®, 7.3 g pure 

lipid (plus 0.7 g in the capsules) has to be co-administered to have similar conditions as 

tested in the animal model. This amount of lipid corresponds to a medium meal of about 

100 calories for the lipid alone. Compliance of the patients would probably not be very high 

if such an amount of additional lipid has to be taken when administering Andriol Testocaps® 

capsules for improving the oral bioavailability.  

Table 4.1.7 shows the pharmacokinetic parameters as discussed above, tmax of Andriol 

Testocaps® administered in oil are identical to the nanosuspensions of T but c max and AUC 

are higher for the Andriol Testocaps® in oil. TU nanosuspension shows a cmax which is almost 

equal to the T nanosuspension but  with a later tmax at 2h. 
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Fig. 4.1.7: Plot of serum testosterone levels after oral administration of Andriol Testocaps 

dispersed in Tween 80 0.1 % and Andriol Testocaps diluted with its own excipients (upper). 

The comparison of the AUC values can be found in the lower section. 
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4.1.5.3 Bioavailability of NLC as a function of size (600 nm vs. 200 nm) 

In the next study, two NLC formulations were prepared using the same lipid (Dynasan 118), 

but with a different size: 600 nm versus 200 nm. The rationale behind was that the 

bioavailability of drugs dissolved in oils increases, the better the oil is dispersed in the gut 

(i.e. the smaller the oil droplet size is). Of course this study could also show whether 

nanosized lipid particles are superior in bioavailability compared to the oil solution of TU 

administered in capsules. An improvement was expected based on the data published for 

cyclosporine (Müller et al., 2006), when moving to smaller lipid nanoparticles. 

Interestingly the two serum profiles of both NLC have an almost identical shape as Andriol 

Testocaps® administered in oil (= simulation of fed state) (Fig. 4.1.8, upper). For all the three 

formulations (NLC 600 nm, NLC 200 nm and Andriol Testocaps® in oil), cmax and tmax are alike. 

After the sharp initial peak a prolonged higher serum level occurs, which is most pronounced 

for the 200 nm NLC. The serum concentrations of the prolonged level of these 200 nm 

particles are up to 1.5-2.0 times higher compared to the 600 nm NLC. The data prove that 

NLC administered in a non-fed state exhibit a comparably high bioavailability as TU (Andriol 

Testocaps®) administered in oil (resembling the fed state condition). Calculated on a human 

dose of 80 mg TU, Andriol in fed state corresponded to simultaneous administration of 

about 8 g lipid. Administering the 80 mg dose in NLC (30 % drug load) corresponded to co-

administration of only about 0.2 mg lipid. 
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Fig. 4.1.8: Serum testosterone levels of NLC with 200 nm and 600 nm compared to Andriol 

Testocaps in Tween 80 (upper) and AUC values (lower). 
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The AUC values depicted in Fig. 4.1.8 (lower) show a higher bioavailability of the 600 nm NLC 

compared to Andriol Testocaps® (Andriol Testocaps® dispersed in Tween 80 solution). The 

highest AUC was found for the smaller sized 200 nm NLC which is in the same range as 

Andriol Testocaps® in oil (approx. 14,000 units for 200 nm NLC, 13,000 units for Andriol 

Testocaps® in oil). The pharmacokinetic parameters are given in table 4.1.7. 

The conclusions for the study are: 

1. The fast onset and initial high serum peak seems to be characteristic for all nanosized 

formulations (nanocrystals, NLC, ultra-fine dispersed oil). 

2. The total AUC increases with decreasing size of the lipid nanoparticles. 

3. Despite that the 200 nm NLC have a higher total AUC, the initial high serum 

concentration (cmax) and tmax of one hour is practically identical. Obviously the reduction 

in size has little influence on the absolute height of the first initial peak. There seems to 

be an uptake limitation for NLC or fatty materials. 

4. The major difference is that for small sized 200 nm NLC, there is a higher prolonged 

serum level. A potential explanation is that the smaller sized NLC are more 

mucoadhesive. They remain longer in the absorption window in the upper gut, thus 

yielding higher serum levels. The passage velocity of the 600 nm NLC seems to be higher, 

causing less uptake in the absorption window.  

5. Another explanation: For lymphatic uptake, the size should be smaller than approx. 

100 nm. NLC are surface-degraded. They reduce in size during passage of the gut. 

Compared to the 600 nm NLC, a larger fraction of the 200 nm NLC was sufficiently 

degraded and reduced in size to be < 100 nm for lymphatic absorption.  

6. The very high serum concentrations after one hour suggest again that there might be 

even higher concentrations at 15 minutes and 0.5 hours. This seems possible when the 

residence time in the stomach is sufficiently short. In contrast to food, stomach emptying 

happens fast after administration of a liquid (as it was done in this study). 
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4.1.5.4 Bioavailability of NLC as a function of lipid nature 

In this part of the study, the effect of the chemical nature of the lipid is discussed. The 

publications by Charman and co-workers report the length of the fatty acids in the oil have a 

pronounced effect on the extent of absorption of drugs dissolved in such oils. Long -chain 

fatty acids (C14 to C18) are more effective in promoting absorption than lipids with shorter 

fatty acid chains (Porter & Charman, 2001b). Based on these data two lipids were selected 

containing C18 fatty acids. To have additionally a difference in the molecular structure, a 

triglyceride (Dynasan 118 = stearic acid triglyceride) was compared with the fatty acid itself 

(stearic acid).  

The serum profiles revealed a very interesting difference (Fig. 4.1.9, upper). The Dynasan 

NLC exhibit a cmax and tmax identical to all the other nanosized formulations at one hour. 

However, when using stearic acid as lipid matrix, tmax moved to two hours. The molecular 

structure of the lipid has a very distinct effect. 

This difference is thought to be associated with the different degradation velocities of the 

particles and differences in solubilisation of the drug into micelles. In vitro degradation 

studies with lipase/co-lipase revealed a pronounced dependency of the degradation velocity 

on the lipid nature (e.g. within various triglycerides/glycerides mixtures, glycerides versus 

wax). Stearic acid is practically insoluble in water (saturation solubility is 0.3 mg/100 mL). It 

is not primarily a substrate for lipases. Triglycerides are degraded by lipases easily. Based on 

this the size decrease for a Dynasan NLC due to degradation and lipid solubilisation i s faster 

than for the stearic acid NLC. They reach faster a sufficiently small size (< 100 nm) - small 

enough for lymphatic absorption.  

Size decrease by degradation or dissolution of the fatty acid is slower for the stearic acid 

NLC. However, obviously they stay sufficiently long in the absorption window that a similar 

bioavailability (AUC) to the Dynasan NLC is reached. 
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Fig. 4.1.9: Testosterone serum concentration levels after oral administration of identically 

sized NLC (200 nm) only differing in the lipid used compared to Andriol Testocaps in 

Tween 80 (upper) and AUC values (lower)  
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Fig. 4.1.9 (lower) shows that the AUC for both NLC formulations is practically identical (range 

of about 12,000-13,000 units). To be precise, the AUC is practically identical, but the shape 

of the serum profiles is different. For the stearic acid NLC, firstly cmax shifts from one hour to 

two hours; secondly there is a more pronounced tailing in the decrease of the serum 

concentration. Serum levels are more prolonged. In contrast to this, a fast decay occurs with 

Dynasan NLC. After three hours the “absorbable fraction” of the formulation has practically 

been taken up. The serum concentration was close to 0. The pharmacokinetic parameters 

are listed in table 4.1.7. 

From the data it can be concluded: 

1. It could be confirmed that small NLC (200 nm) provide highest AUC values. 

2. The nature of the lipid matrix seems to have an effect on the absorption kinetics.  

3. NLC from lipids which can be fast degraded and/or the lipid with drug which can be 

solubilised fast, lead to cmax at early times. 

4. NLC made from lipids which are slower degraded or solubilised lead to a shift of c max to a 

later time point, i.e. increased tmax. 

5. The similar AUC values obtained suggest that small particles seem to remain sufficiently 

long in the absorption window (attributed to adhesive properties of the nanoparticles), 

providing time to be degraded to an adequate small size for lymphatic uptake.  
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4.1.5.5 Bioavailability of NLC as a function of lipid:drug ratio 

In a last comparison it was assessed if a larger amount of lipid in the NLC suspensions has an 

effect on the bioavailability. NLC were prepared with a reduced drug loading (15 % versus 

30 %) that means more NLC needed to be administered for giving the same amount of drug 

to the animals. The NLC investigated up to this point contained a drug loading of 30 %. The 

particle mass (= 100 %) consisted of 70 % lipid and 30 % drug. The drug loading was reduced 

to 15 % (NLC particle mass consisted of 85 % lipid and 15 % drug). To administer the same 

amount of drug, in this case double the number of particles need to be administered. At the 

same time the amount of lipid per particle was increased (from 70 % to 85 %). When 

administering the NLC with 15 % TU, an about 2.5 times higher amount of lipid was 

administered (precisely 2.44 times higher). The total amount of lipid administered to a 

medium weight rat of 250 g in a single TU dose of 4 mg was: 

9.3 mg lipid when administering the NLC with 30 % drug loading. 

22.7 mg lipid when administering the NLC with 15 % drug loading. 

Looking at the AUC values after eight hours, there is no significant difference between the 

NLC with 30 % drug load and NLC with 15 % drug load (Fig. 4.1.10, lower). This appears logic. 

Even when increasing the amount of lipid by a factor of about 2.5, the total amount of lipid 

is still very low. Therefore it could not be expected to see such an increase in bioavailability 

as it was observed when administering Andriol Testocaps® diluted with oil.  

 



82 

 

 

Fig. 4.1.10: Serum testosterone levels of NLC with 15 % TU and 30 % compared to Andriol 

Testocaps in Tween 80 (upper) and AUC values (lower). 
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However, again very interesting is the difference in the shape of the serum profiles between 

the two particles (Fig. 4.1.10, upper). The curves were already plotted in the previous 

figures, but they are again plotted in one figure together to better illustrate the differences. 

The NLC with the higher drug load of 30 % show a cmax of about 6,000 at one hour, then a 

prolonged decay in the serum concentration up to about 4-6 hours. In contrast to this the 

NLC with 15 % drug load (more lipid per particle) show a cmax of almost 9,000 at one hour, 

then a sharp decrease to 0 at three hours. From this it can be concluded that the shape of 

the serum profile can obviously also be modified by changing the drug load of the NLC. It can 

be imagined that the incorporated drug at a higher concentration slows down the 

degradation of the particle, thus leading to a slower, prolonged absorption. In case the drug 

loading is low (15 %), the degradation velocity is faster, less affected. The particles are fast 

reduced in size, get below 100 nm and can be lymphatically taken up. In addition, micelles 

formed during the particle degradation might contribute to lymphatic uptake. 
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4.2 Omega-3 Fatty Acids-loaded Lipid Nanoparticles for Patient-convenient Oral 

Bioavailability Enhancement 

Parts of this section have been published in Die Pharmazie, “Omega-3 fatty acids-

loaded lipid nanoparticles for patient-convenient oral bioavailability 

enhancement”(Muchow, Schmitz, Despatova, Maincent & Müller, 2009) 

4.2.1 Introduction 

The nutritional status of cancer patients is important; maintaining them in a good nutritional 

condition will support their battle against the disease (Chapkin, McMurray & Lupton, 2007; 

Dupertuis, Meguid & Pichard, 2007). Therefore various nutrition supplements for cancer 

patients are on the market, e.g. NT24 [Orcapharm, Pensberg / Germany]. The additional oral 

nutrition supply improves the health condition and prolongs the time until the necessity of 

parenteral nutrition. 

Omega-3 fatty acids are important for the body because of various aspects:  

1. Synthesis by the body of omega-3 fatty acids eicosapentaenic acid (EPA) and 

docosahexanic acid (DHA) from the essential alpha-linoleic acid is very limited. 

Nevertheless, EPA and DHA are considered the most valuable omega-3 fatty acids: 

providing them with nutrition is recommended (Harris, 2004; Hansen & Harris, 2007). 

2. Omega-3 fatty acids are known to be cardioprotective (Hansen & Harris, 2007) and 

have a positive effect both on the blood lipid profile (Lemaitre et al., 2003; Anil, 

2007) and on inflammatory processes (Kelley et al., 1999; Belluzzi, 2004).  

There are a number of products on the market for additional supply with omega-3 fatty 

acids by the oral administration route. In general these products are soft gelatine capsules 

filled with fish oil. Most of the commercial products contain 500 mg of fish oils per capsule 

with an omega-3 fatty acid content of approximately 20-25 % (Lipiscor®, Sanum-Kehlbeck, 

Hoya, Germany), (Ameu®, Lichtwer Pharma, Germany), (Eicosan®, Stada, Germany). 

Disadvantage of this dosage form is that the patients actually need to swallow the capsule. 

In addition, administration of 3-6 capsules is recommended. Such a high number of capsules 

is necessary to meet the required dose considering the oral bioavailability of the omega -3 

http://www.rote-liste.de/Online/gliederung/58/C/1/1/viewGliederung_n
http://www.rote-liste.de/Online/firmen/sanumkehlbeck/viewFirma_n
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fatty acids. Cansell et al. have found a 72  6 % oral bioavailability in a rat model, which was 

improved to 98 % using a very diluted liposome suspension (Cansell, Nacka & Combe, 2003). 

Increasing the oral bioavailability without enlarging the volume of the dosage form 

decreased the total dose to be administered, which is patient-friendly. 

In special conditions, e.g. for the treatment of high triglyceride blood levels, the dose is even 

higher; in this case 10-20 capsules per day (which is equivalent to 1200-2400 mg omega-3 

fatty acids) may have to be administered. At a certain stage, especially cancer patients 

develop the problem of swallowing capsules and tablets. Therefore a liquid or semi-solid 

dosage form will be definitely more appropriate for such patients. In addition, such a dosage 

form would be very convenient for elderly patients. 

The soft gelatine capsules disintegrate in the stomach releasing the fish oil. Reported 

undesired side effects are a fishy odour in the breath and undesired regurgitation leaving a n 

unpleasant fishy taste in the mouth. Enteric-coated fish oil capsules have also been 

developed for studies but are not commercially available (Belluzzi et al., 1996). 

Based on these disadvantages of the present formulations, a novel semi-solid, paste-like 

formulation was developed. It consists of a highly concentrated lipid nanoparticle dispersion 

(70 % w/w). This paste can be administered via a teaspoon and swallowed directly; 

alternatively the paste can be dispersed in soft drinks or water, avoiding swallowing 

problems with solid dosage forms. The omega-3 fatty acids were incorporated in NLC 

(Müller, Mäder, Lippacher & Jenning, 2000). The solid matrix has a taste masking effect 

minimizing odour and taste problems. This section of the thesis describes the development 

and characterisation of this semi-solid oral formulation. 

4.2.2 Rationale of development 

The price of omega-3 fatty acids as a pure substance is fairly high, for example 340 Euro for 1 

gram of purified docosahexaenoic acid. Therefore fish oils with a high percentage of 

unsaturated omega-3 fatty acids and plant oils (like flax seed oil) are used as nutrition 

supplements. The fish oil used for preparation of the nanostructured lipid carriers (NLC) had 

a relatively high content of 38 % omega-3 fatty acids (Schmitt). For chemical stabilisation, 
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inclusion of chemically labile compounds in a solid matrix can be protective. Therefore 

creation of a solid particle matrix in form of NLC was chosen to stabilise the fatty acids. In 

addition, a solid matrix can mask unpleasant taste and smell to a certain extent. Further 

reduction of the unpleasant smell was achieved by the solid-in-water dispersion system 

since the aqueous phase may additionally act as a barrier with the external environment. 

The fish oil-loaded NLC are surrounded by a water phase, which has a very low solubility for 

the lipophilic compounds, which further reduces evaporation. This is an old principal used in 

many pharmacopoeiae for taste masking, e.g. by producing oleum jecoris emulsions.  

NLC are prepared by mixing a solid lipid with a liquid lipid (oil). In this case the oil compound 

is the fish oil. Admixing of the oil reduces the melting point of the solid lipid. To minimize 

unpleasant side effects from the stomach, the NLC should be solid at body temperature to 

slow down the degradation, that means degradation should mainly take place in the gut. 

Therefore a number of lipids was screened. The mixture should still melt above 40 °C but 

nevertheless contain the highest possible percentage of fish oil. This should minimise the 

total amount of NLC to be administered in a single dose. It was found that a lipid blend 

containing 20 % Dynasan 118 and 80 % fish oil was still solid at 40 °C.  

 

To promote absorption, the NLC paste should be dispersible easily to yield a fine NLC 

suspension taking into account that aggregation reduces the bioavailability. The gut contains 

many electrolytes able to destabilise dispersions due to zeta potential reduction. Therefore a 

combination of electrostatic and steric stabilisation was chosen to minimize aggregation. 

Sodium dodecyl sulfate (SDS) is well known as an efficient dispersing agent; in addition it 

creates highly negative zeta potentials after adsorption to the surface (Lucks, Müller & 

Müller, 1990). As steric stabilisers TPGS and PVP were also selected. Both SDS and TPGS are 

known absorption enhancers. TPGS was used primarily as a steric stabilizer. It is also known 

as an absorption enhancer mainly due to inhibition of P-glycoprotein (Rege, Kao & Polli, 

2002). The SDS was used in the first formulation attempts because it is an efficient 

surfactant for dispersing oils. In addition it was a challenge to produce a 70 % concentrated 

NLC suspension, which is fine in size and not too viscous. Generally, the SDS concentration in 

pharmaceutical preparations is up to 2 %, whereas 3 % were used in this formulation 
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approach. However, we have also shown that is was possible to replace SDS by Poloxamer 

188, which can be used also at higher concentrations (data not shown).  

The solid matrix of the NLC is chemically protective but additionally vitamin E can be added 

as anti-oxidant. It is also frequently used in commercial fish oil soft gelatine capsules (e.g. 

Ameu). 

4.2.3 Production and characterisation of the fish oil NLC 

4.2.3.1 Fish oil NLC production 

The NLC were prepared by high pressure homogenisation. The solid lipid Dynasan 118 was 

melted at 70 °C and the fish oil was then added. Both lipids where mixed at 70 °C at a ratio 

of 20 % Dynasan 118 and 80 % fish oil. Then a stabilizer solution containing 3.0 % (w/w) SDS, 

0.1 % Polyvinylpyrrolidon (PVP), 0.1 % Tween 80 and 1 % Vitamin E TPGS at equivalent 

temperature was added under stirring (30 % stabiliser solution, 70 % oil phase). Alternatively 

a SDS-free stabiliser mixture containing Poloxamer 188 was used. Stirring (9000 rpm) was 

performed for 30 seconds using an Ultra-Turrax with a T-25 head (IKA Janke und Kunkel, 

Stauffen, Germany). The obtained pre-emulsion was then homogenized using a Micron LAB 

40 (APV Deutschland GmbH, Unna, Germany) at 500 bar and one homogenisation cycle at 

70 °C. The LAB 40 was equipped with a temperature control jacket; the temperature 

controlling fluid (water) was heated to 85 °C. 

4.2.3.2 Particle size and charge 

PCS covers a size range of approximately 3 nm-3 µm, thus it was employed to determine the 

size of the bulk population. The PCS diameter was 243 nm and the polydisperity index 0.064. 

Polydispersity indices around 0.1 indicate a relatively narrow particle size distribution. The 

NLC with 243 nm represent a highly dispersed ultra fine system compared to orally 

administered oils. Once administered, an oil is emulsified by the surfactants present in the 

gut and dispersed by gut movement resulting in oil droplets typically in the size of 1-50 µm 

(Patton & Carey, 1979; Armand et al., 1996). The degree of dispersity affects bioavailability 

as known from the first Cyclosporin A product Sandimmun (Meinzer, Müller & Vonderscher, 

1998). With decreasing droplet/particle size, the absorption increases. 
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Laser diffractometry (LD) was performed to assess the potential presence of particles in the 

low micrometer range (measuring range of LD: 0.04-2000 µm). The LD yields a volume 

distribution, thus is very sensitive to detect even low amounts of particles larger than the 

bulk population. The 50 % diameter was 0.313 µm, 90 % diameter 0.950 µm and 99 % 

diameter 1.240µm. This indicates a product with particles almost completely in the 

nanometer range with a low amount of micrometer particles. Fig. 4.2.1 shows the LD size 

distribution curve. 

 

Figure 4.2.1: LD size analysis of fish oil-loaded NLC paste: Volume distribution curve 

(upper) and transfer to the number distribution curve (lower).  
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The zeta potential measurement is a tool to foresee the physical stability of colloidal 

suspensions. Stability is higher in case of high electrostatic repulsion. The measurements in 

ultrapure water (conductivity adjusted to 50 µs/cm) yielded a value of -20 mV. This is a 

characteristic value for combined electrostatic (SDS) and steric stabilisation (TPGS, PVP). In 

addition, zeta potential measurements were performed in the original dispersion medium 

(water with 3.0 % SDS, 1.0 % TPGS and 0.1 % PVP). Measurement in the original dispersion 

medium provides information about the stability in the original dispersion. The high 

electrolyte concentration leads to compression of the diffuse double layer and subsequently 

to a reduction in the measured zeta potential. The zeta potential of -15 mV is relatively low 

but the rather high viscosity of the system additionally stabilises the dispersion. 

Furthermore, the high fraction of inner phase (70 %) promotes the formation of a pearl-like 

particle network also stabilising the system. This is well described for highly concentrated 

NLC dispersions. Considering the SDS adsorption onto the NLC surface (electrostatic 

stabilisation), the additional steric barrier by TPGS and PVP in combination with the pearl 

network structure, the NLC pastes are predicted to be physically stable.  

4.2.3.3 Crystalline status 

The NLC paste was analysed by differential scanning calorimetry (DSC) and Fig. 4.2.2 shows 

the DSC graph. Compared to lipid Dynasan 118 bulk material, the peak onset decreas ed from 

72.7 °C to 55.1 °C (Fig. 4.2.3). 
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Fig. 4.2.2: DSC graph of the highly viscous 70 % lipid nanoparticle dispersion (= NLC paste), 

heating from 25 °C to 75 °C and subsequent cooling to 25 °C. 

 

Dynasan 118 as a triacylglycerol can crystallise in three different modifications: ,  ’ and  

(most thermodynamically stable). Running a DSC with two cycles reveals the three 

modifications. The heating curve of the first cycle shows the   modification with a peak 

maximum at 72.7 °C whereas cooling leads to cristallisation into the  modification (51.7 °C). 

Furthermore, the second cycle shows the  ’ modification with its melting point of 62.9 °C. 
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Figure 4.2.3: Two-cycle DSC graph of Dynasan 118 bulk material revealing the three different 

crystalline modifications of the lipid. 

 

The melting enthalpy of the lipid blend in NLC (fishoil  + Dynasan 118) was 41.47 J/g, 

compared to 201.04 J/g of the bulk lipid. Taking into account that only 20 % of the NLC 

-10

-8

-6

-4

-2

0

2

4

6

8

10

25 35 45 55 65 75 85

e
n

th
a

lp
y
 [

W
g

^
-1

]

temperature [°C]

Dynasan 118- first cycle

cooling
heating





-8

-6

-4

-2

0

2

4

6

8

25 35 45 55 65 75 85

e
n

th
a

lp
y
 [

W
g

^
-1

]

temperature [°C]

Dynasan 118-second cycle

cooling

heating





 '



-



92 

 

consists of Dynasan, the melting enthalpy increased to 207.35 J/g, which means that all the 

Dynasan in the particles is of crystalline status.  

Cooling of the melted lipid dispersion lead to a delay in recrystallisation with a temperature 

shift from 61.1 °C to 41.4 °C (peak maximum). In addition, the melting enthalpy was 

distinctly reduced (6.26 J/g) indicating a delayed solidification process and increased  

modification of the Dynasan. 

The recorded X-ray diffraction spectrum (figure 4.2.4) of the bulk material Dynasan 118 

shows the three expected peaks for triacylglycerols representing the three modifications of 

the lipid: 16.4 (2θ) for the  modification, 19.3 (2θ) for   and 23.1 (2θ) and 24.1 (2θ) for the 

 ’ modification (Hagemann, 1988). 

The fish oil spectrum (figure 4.2.5) shows no significant peaks, which is also expected for a 

liquid. 

The X-ray diffraction pattern of the paste exhibit mainly the peaks of the  ’ and  

modifications of Dynasan 118. The peaks indicate the solid, crystalline character of the 

particles. 
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Figure 4.2.4: X-ray diffraction pattern of the bulk materials fish oil and Dynasan 118 

(explanations are given in the text). 
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Figure 4.2.5: X-ray diffraction pattern of the NLC-paste with the  ’ and   modification 

peaks of Dynasan 118. 

4.2.3.4 Re-dispersion properties 

From the concept the fish oil NLC paste can be dosed via a spoon and swallowed directly. For 

this, the paste requires appropriate flavouring. Alternatively the non-flavoured paste can be 

dispersed for example in soft drinks. In both cases the paste should re-disperse easily, either 

in the gut fluids or in water. A 500 mg capsule of fish oil (Ameu) contains approximately 

125 mg of omega-3 fatty acids. Considering the higher omega-3 fatty acid content in the fish 

oil used for preparation of the NLC paste, despite addition of Dynasan 118 and water, 

500 mg paste will contain approximately 110 mg omega-3 fatty acids. That means for a dose 

of approximately 500 mg omega-3 fatty acids a total of about 2.5 g NLC paste should be 

taken (equals 3-4 capsules of the commercial product).  

The two grams of paste represent approximately one level teaspoon or alternatively an 

approximately 5 cm long strand squeezed out of a standard tube. To test the redispersibility, 

5 cm paste were given into 200 ml of water (equivalent to a typical volume of a soft drink). 
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The paste was either dispersed by manual stirring with a spoon (Figure 4.2.6 left) or 

alternatively with a slow moving magnetic stirrer to imitate gut forces (Figure 4.2.6 right).  

   

Figure 4.2.6: Appearance after 10 seconds of stirring with a teaspoon (T) and after magnetic 

stirring at 50 rpm for 30 seconds (M30) following administration of 5 cm NLC paste 

(squeezed out of a tube) in 200 ml water. 

The formulation is well dispersible by spoon stirring and shows also good redispersibility 

when applying weak forces. To admix the NLC paste to soft drinks instead of using a spoon, a 

tiny eggbeater can be used which eases even further dispersion. 

4.2.3.5 Absorption mechanism 

As already mentioned in the introductory part, it is well documented in the literature that 

the presence of lipids can promote the absorption of drugs (Charman, Porter, Mithani & 

Dressman, 1997; Porter & Charman, 2001a). To obtain maximum effect, the drug or active 

needs to be closely associated with the lipid, that means preferentially the active to be 

absorbed should be incorporated or dissolved in the lipid. 

It was also found that the length of the fatty acid chains has an effect on the absorption. 

Fatty acids with a chain length of C14 to C18 promote absorption by lymphatic uptake 

T
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(Charman, Porter, Mithani & Dressman, 1997; Porter & Charman, 2001a). In addition, it is 

beneficial if the lipid is presented as finely dispersed as possible. Based on these 

considerations, the omega-3 fatty acids were incorporated into the solid matrix (close 

association). The triglyceride chosen (Dynasan 118 = glyceryl tristearate) contains C18 fatty 

acids and the size of the particles was as small as possible, that means in the nanometre 

range. Fulfilling all these three requirements should provide an optimal formulation, 

whereas of course the bioavailability enhancement has to be investigated in in vivo studies. 

It could be shown that there is no major difference in the mechanism of degradation 

between oil droplets and solid lipid particles. The solid lipid particles are degraded by 

lipases, the degradation velocity is a function of the chemical composition of the particle 

matrix and the stabilisers used (Müller & Olbrich, 1999; Olbrich, Geßner, Kayser & Müller, 

2002). 

As mentioned in the introductory part, Fig. 2.7 shows a model of the degradation and the 

subsequent absorption promoting mechanism. The lipid nanoparticles enter the gut, lipase 

adsorbs onto the particle surface whereas the adsorption is promoted by the presence of co-

lipase. Enzymatic degradation of the lipid particles leads to the formation of surface-active 

di- and monoglycerides forming micelles. In case of drug-loaded lipid nanoparticles, these 

micelles contain solubilised drug. In case of the fish oil-loaded NLC they consist of glycerides 

with various fatty acids including the omega-3 fatty acids. In the next step mixed micelles 

will be formed with bile salts leading finally to the lipid absorption.  

4.2.3.6 Flavouring and colouring 

Dilution of the fish oil in the solid particle matrix and surrounding the particles by a poorly 

diffusible medium (water) for the lipophilic fish oil components could not completely 

eliminate the unpleasant smell: A slight fishy smell remained which could irritate sensitive 

noses. Therefore various flavours were tested for masking: Orange, lemon, strawberry and 

mango. The flavours were applied in different concentrations. Most efficient proved to be 

orange flavour in a concentration of 1.25 %. The flavour was incorporated by adding it to the 

melted lipid blend just prior to homogenisation. Evaporation of the volatile flavour does not 

represent a problem because the processing time is relatively short. In addition, at large-
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scale production, the homogenisation will take place in closed containers avoiding any 

relevant flavour loss.  

A colour appropriate to the flavour was chosen for colouring the product: Food colour 

yellow ZLT3 in a concentration of 0.24 % and 0.013 % food colour red ZLT2. 
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4.3 Conclusions 

4.3.1 Oral testosterone formulations 

NLC could be produced with a drug loading of up to 30 %, which is superior to the solubility 

of TU in Andriol Testocaps® (about 10 %). TU is obviously present in the particle matrix as 

molecular dispersion. Sizes can be tailor-made depending on surfactant concentration and 

production conditions 

The NLC showed a superior ability to increase the bioavailability of TU compared to the 

commercial product Andriol Testocaps®. Reducing the particle size led to higher AUC values, 

as expected from data, e.g. published with microemulsions. The total AUC with the best 

formulations was roughly double as high compared to Andriol Testocaps® in non-fed state. 

Taking into account the reduced volume of the NLC particles compared to Andriol 

Testocaps® oil solution, administration of a single dose in one oral unit seems to be feasible. 

The highest cmax concentrations found with the best formulations were very similar or 

practically identical. This suggests that there might be a maximum absorption capacity. 

Absorption might not be further increased, even when further optimising the particles. 

However, this needs to be verified in additional studies. 

Very interesting is that despite the total AUC was similar for the best formulations; the 

shape of the serum profiles was very different depending on particle characteristics. Main 

parameters determining the shape of the serum profile are the chemical nature of the lipid 

matrix (differences in degradation of the particles are assumed) and the drug loading. Lower 

drug loading and more lipid present (= faster degradation assumed) lead to high c max at short 

tmax and an uptake very fast completed. Higher drug loadings lead also to an early c max at tmax 

of one hour, but the cmax is distinctly lower and the decrease in the serum concentration 

much more prolonged (tailing of profile). 

This opens the opportunity of a controlled design of the serum profile by varying the particle 

characteristics, the nature of the lipid and drug loading (ratio of drug to lipid in the particle). 

The in vivo data were collected in rats, however the best model (and of course the most 

expensive) for T and TU are beagle dogs. Therefore the best formulations screened in this 
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study should be tested in the dog model. To justify such studies, the in vivo animal studies 

described in this publication provide the first evidence to distinctly increase the 

bioavailability when using nanocarriers. 

4.3.2 Fish oil formulations 

The produced fish oil-loaded NLC paste possesses an ultra fine particle size, which is 

favourable for the absorption in the gut. It is easily dispersible in fluid media. The 

formulation represents an alternative to persons, especially cancer patients, who have 

problems swallowing solid dosage forms. Encapsulation in the particle matrix and 

formulation as O/W system minimized undesired odour and taste. Apart from 

pharmaceutical preparations, the formulation seems ideal for enriching food and beverages 

with omega-3 fatty acids and makes it a promising tool for “functional food” which is quite 

popular. 
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6 Appendix 

6.1 Differential scanning calorimetry figures 

6.1.1 Bulk materials 

 

bulk material: Testosterone undecanoate  

 

Aexo
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bulk material: Oleic acid 
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6.1.2 Bulk materials: Lipid blends 

 

bulk material: Dynasan 118, oleic acid (50/50) (m/m) 

 

bulk material: Dynasan 118, oleic acid, TU (42,5/42,5/15) (m/m)  
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bulk material: Dynasan 118, oleic acid, TU (35/35/30) (m/m)  

 

 

Aexo
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6.1.3 Dynasan 118-based Nanostructured Lipid Nanoparticles (NLC) 

 

NLC 10 % lipid phase (0 % TU, 50 % Dynasan 118, 50 % oleic acid), 2 % Tween 80 

  

NLC 10 % lipid phase (15 % TU, 42,5 % Dynasan 118, 42,5 % oleic acid), 2 % Tween 80  
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NLC 10 % lipid phase (30 % TU, 35 % Dynasan 118, 35 % oleic acid), 2 % Tween 80  

 

NLC 10 % lipid phase (30 % TU, 35 % Dynasan 118, 35 % oleic acid), 1 % Tween 80  
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6.1.4 Stearic acid-based NLC 

 

bulk material: Stearic acid, oleic acid (50/50) (m/m)  

 

bulk material: Stearic acid, oleic acid, TU (42,5/42,5/15) (m/m)  

Aexo
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NLC 10 % lipid phase (0 % TU, 50 % stearic acid, 50 % oleic acid), 2 % Tween 80  

 

NLC 10 % lipid phase (15 % TU, 42,5 % stearic acid, 42,5 % oleic acid), 2 % Tween 80  
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6.2 Wide angle X-ray diffraction figures 

6.2.1 Bulk materials 

 

bulk material: Testosterone undecanoate  

 

 

bulk material: Dynasan 118 
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Bulk material: Oleic acid 

6.2.2 Bulk materials: Lipid blends 

 

Bulk material: Dynasan 118/oleic acid melt (50/50) (m/m)  
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Bulk material: Dynasan 118/oleic acid/TU (42,5/42,5/15) (m/m)  

 

 

Bulk material: Dynasan 118/oleic acid/TU (35/35/30) (m/m)  
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6.2.3 Dynasan 118-based Nanostrucutred Lipid Carriers 

 

NLC 10 % lipid phase (0 % TU, 50 % Dynasan 118, 50 % oleic acid), 2 % Tween 80 

 

 

NLC 10 % lipid phase (15 % TU, 42,5 % Dynasan 118, 42,5 % oleic acid), 2 % Tween 80 
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NLC 10 % lipid phase (30 % TU, 35 % Dynasan 118, 35 % oleic acid), 2 % Tween 80 

 

 

NLC 10 % lipid phase (30 % TU, 35 % Dynasan 118, 35 % oleic acid), 1 % Tween 80 
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6.2.4 Stearic acid-based NLC 

 

Bulk material: Stearic acid 

 

 

Bulk material: Stearic acid/oleic acid melt (50/50) (m/m)  

0

5000

10000

15000

20000

25000

0 5 10 15 20 25 30 35 40

in
te

n
s
it

y
 /
 c

o
u

n
t 
ra

te

2 Theta

bulk material stearic acid

0

10000

20000

30000

40000

50000

60000

0 5 10 15 20 25 30 35 40

in
te

n
s
it

y
 /
 c

o
u

n
t 
ra

te

2 Theta

bulk material: stearic acid/oleic acid



127 

 

 

 

bulk material: Stearic acid, oleic acid, TU (42,5/42,5/15) (m/m) 

 

NLC 10 % lipid phase (0 % TU, 50 % stearic acid, 50 % oleic acid), 2 % Tween 80 
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NLC 10 % lipid phase (15 % TU, 42.5 % stearic acid, 42.5 % oleic acid), 2 % Tween 80 
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7 Published articles 

7.1 Omega-3 fatty acids-loaded lipid nanoparticles for patient-convenient oral 

bioavailability enhancement 
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""""." al><orption <WOC<n. ll'GS ~-.. ,,«<1 prim.nt)" ..
•"'ri< .Ubiliz«. It .. al", """"." ... al><orptioo <nllan<<<
mairl~' d... 10 iMibitioo of P'g~""l""'';" (R<i< <ul
20(2). Th< SOS ~-.. ,,«<1 i" 11>< ,,,' fonn"lJIion """"pt<
1><"""", il i <lli""'t ,,,rf,,,",,, for di'p"'''g nil<. 1"
.ddition il ~- "lWl<ng< 10 prodoc<. 10% oooc""'''''<d
~lC~ ",.p<tl.io". ~ltidt i. ,.......i",..-.d "'" 100 ,-i<­
"""•. G<n<ral~' 11>< SOS oon"",""'ion .. ptlann><""'al
P"'p""tioo. i. "p 10 2%. ~II<""" 1% ~-... ,,«<1 .. titi.
formullotioo .pproo<h. H""-,,,-«. ~-< 1la'I-< al<o ....,."." tIlat
.. ~-.. l'''',ibl< to "'1'1"" SOS 1»' Poloum<r ISS. ~ltidt

" .... 1>< "",d al", .. ltigl><r "ooc<n""oo". (d>Ia "or
._·n)
Th< <OIld m.."" of 11>< ~LC~ .. "I\<m"'all)' proI«ti,-< !><lt
.dditlonall)· \1t.rni" E " .... b<.ad<d .. anti"'."dlnt. It ..
• 1<0 '''''l"'''''~' u",d .. oomm<rcial "'~ nil <Otl g<llotirl<
'''l''ul.. «.g Am<"~)
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rug/>« in ca« of hig/l <Itctro<tatk "'1'"""". TI>< m<a<·
ill<tll<na in ultnpu« ~-..'" «ondoctiYi')' odju"<d 10
~ fl'I"") )-i<loi<d' ,-.Iue of _20 mV Tlli< i•• dta,.,,,<,.·
i"", ulLl< fot <ornl>ir><d <l«tro<'JIl< (SDS)..-.:I ''''''''' " ..
biii..tion (Jl>GS. PVP). In _itiOll. z<u P"'<nti" m<a<·
=<r.a ~-.... p<rfonn<d in li>< original di'p"'iOll
m<dium (,,-_ ~·itII HI% SDS. 1.0% Tl'GS ..d 0.1%
PVP). M<a<ill<tll<n' in ,1>< original di.p"''''' m<dium
prol'ide. infonn.."" >l>ool li>< .tabilit)' in ,1>< origirW di.·
P<""'" Th< rug/l <IMroI)1< <OOC<nlr>liOll l<>d. 10 0001'pt«."" of ,1>< dil""« doLlbI< l''f,,, ..d 'Llb«qu<ntly 10.
«d",,"" in li>< m<a<or«! z<ta pol<ntial. TI>< Hta poI<n'
'W of _Il mV i1 «I.m-<I)-' 1",,' "",,1>< ",tI><r rug/l ,'i<ro<­
i')' of li>< ')-""'" .ddit"""lly .tabiii ... ,1>< di'p"'iOII
FLlrtI><nnot<. li>< rug/l ""',,"" of iM", f>U« (](K) pro­
m""" li>< ronn.tiOII of. p_.iik< port""< """-on: .1<0
.tabili.ing li>< '~-'l<rn. Tru. i. ~-<iI oio=ribed rot rug/lly
<""",n""!<d ~LC~ di,~iOll'. COII.ld<ring li>< SDS od·
""1""" ""'" li>< ~LC~ ,or("" «l«tro<tatk ,tabili...
'''''), ,1>< _ioorW ,,<ri< barri« by Tl'GS ..d PVP in
OOO1birul"" ~·it~ li>< p<>rt .."'-on: .tn>o'LIr< ,1>< ~LC~

F"'''" .... pt<d"'!<d 10 b< pII~-.icall)-' ">1>1<

1.J. CrpllJlüJ>< ,""u,
TI>< ~LC~ 1""'" ~-...rW~-..d by diif<"",'w """"ing
<>lorim<try (DSC) ..d Fig. 1 <Jlo',<-.'I>< DSC grapll. Corn·
F"'r<d 10 lipid O)-..... n Il S b<Iik m.t<ri... li>< p<" 011«'
de",...<d l'rom 11.PC '0 11.1 'C (Fig. l)
DYlIOi>fl Il S...woy'glF<M O>fl aY'1O<iliiC On 11= dif·
r<""" modil"''';OII<: a. ~ ....d ~ (mo<' tl><nnody"",,,"'''1y
'tabl<). Ru""ing. DSC ~'itll "'-0 <)"<1.. ",,-.. 1< li>< tIIr«
modi,k..""•. TI>< ....tirlg rul'l"< ofll>< ''''' "l"<1< <Jlo',<-. ,1><
1\ modi''''.."" ~·itll. p'" mnimum" 72.1'C ~I><"""
<oeting I<od< 10 <n'talii..tiOII in'o li>< a tmdi'''''';OII
(11.1 'C). Furtl><nnot<. li>< «oond "l"<1< <Ilol'-. li>< Wmodo
il,,,,,,,,, ~·itII il< m<~ing poin' of61.9'C
TI>< m<ltirlg <nllWp)' of li>< lipld blffid in ~LC~ (11,11­
<>il .,. O)-..... n Il S) ~-.. 41.41 Jlg. OOO1F"'r<d 10 101.(1.> JI
g of ,1>< 001. iipid. TlIo.ing inlo >x""n' l1I.I' 0II1y 20% of
,1>< ~LC~ rolllill< of 0)-......... li>< m<~ing <n'lWpy in­
<""""<l1O 201.11 Jlg. ~1Ik1I m<..... l1I.1I.1I li>< 0)-"" .....
in li>< porI"'l« i1 of ""f.tailir>< " ..".
Cooting of li>< m<i'<d lipld di,p"''''' 1.,.,;1 10 • dei»' in
«""f.talii"";OII ~·itII • ''''''p<ra'LIr< <!lin from 61 1 'c 10
41.4'C (peor. mnimum). In .ddit"". li>< m<~ing <nl1l.llpy
~-.. di,tirI<tly r<doc<d (6.26 Jlg) indatirlg. detl)-<d <oI~

di',cation pcoc... ..-.:I ir><r<>«d a tœdi'""tion of li>< 0)'.--TI>< =otd<d x"")' di"r.ruOII .p«trum of ,1>< b<Ilk m....
ri.. 0)-"" ..... Ils (Fig. 4) <Ilol'-. 11I< tIIr« <xp«t<d p<.la

NLC_

:; .!"' J\. ..__ _ _.....•l
=- 0.: ~

;0 .:};::".:=:::'.:=:--;:=::~;~f:~~ " » " ---~~ 1

" 1_1'<1

A. ,. [)SC _""" >iPJ,."""" 10<1 ,-"'__" ••_
(~"ct "",,' "'J,. """' WC ",,,·C'" .._ «<N.
~.",,,·c

----- ......--

". }. "'_-do [)SC _ or "'..... Iii "'" ....... ,..,...... ""
*- '"_ ",."",... """",J"" or"" Il'''.

fot tri"ylgl~""roI< "'lJ««nlirlg 11I< tIIr« modi''''.."". of
li>< lipid: 16.4 (lO) rot 11I< a modi''''.."". 19.1 (20) fot 1\
..d 1l 1 (20) ....d 14.1 (20) fot ,1>< Wmodi',cation (H..
"",.rm 19S5)
Th< ".~ <>il 'f'O'1'Um <Jlo',<-. 00 .ig"il""n' P""'. ~1Ik~ il
.1<0 <xp«t<d fot. I,,"id
TI>< x·",)' difir:oruOll F"'ll<m of 11I< l''''l< <.ùIibi' m","1y
li>< p<". of li>< WJnd ~ tœdil""tiOII' of O)-n...... Ils
TI>< 1"'" iMb." li>< <Otid. ""f.talii .. <.....,,'" of ,1><
F"'rtkl« (Fig 5)

1.~. JI<..JiJfHNio~ J"OIH'"'i..
From ,1>< oooc"l" li>< ,...~ <>il ~LC~ F""l< "'" Il< dO«<!
,-... 'P""" ..-.:1 .~->ll",,-<d dir<<tI)-' Fot 11Ii<. ,1>< po<l<

_.
•1;::

J:
1::: l'"• " " " " " "-,..~ , ,-

">- "'-- • "".!::
l-,.,,. : LJVl-•
~-

, " " , " " " ",-
A.' ~..., '"_ ..._or"" "'" ...._. n•••" ... "'.....

"' \",........ J. "" ",,'
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A••' A..-- oh< ,. """""" " .., ••<., ,..._ (Tl ""

"'.. _ ...k .,m,. ~"''''' "" "', "''''' """'''' _ ..
...... of' "" .'Le' .... ,..._ ... of, ~"",,, ""'''''
•••

"''1''''''' .~..< ''''''''ring. Alt<m:Itil·<t).· tf>< oort·'"\>.
I-our<d p-><I< c.... II< di'f""<d te< <:urnp~ th lO1l drink.
ln Ilotll C>l<' 111< p"'" <!lould ",..:Ii'f""< <.. il~_ <illl<, '"
th< gLlt thid, ot in -.-...,. Il ~ mg c'p'u'" Cff Ilth <>il
(,\m""'-) "'ntItn. 'l'f<"-'"".t<lJ' Ili mg Cff om"i,••l r..t)"
.cid•. Con.>oi<ring Ill< rugll<r om<g..l r..t)" "id ",n",",
'" Ill< 11.~ <>il "l<d rot l''''p''''oon Cff Ill< "LC~ p"'1<
œ,pn., additiOrt Cff O)-""",n Il ~ .00 "-...".. 50:1 mg 1""1<
"'ili eottuitt '~"""'t).' 110 mg om<g..l f.tIJ· "id.
Thol m""n, te<. do« Cff 'F'P"'-'im'I<t\' ~ mg om"i,..l
r.tIJ· .00. • 101.>1 Cff .boLJt l.lg "LC~ P"'''' ,~ouId b<"''''''' (",,,,,, 1_. ClIp'U~ Cff Ill< """m<rci.>l prodoct)
Tf>< "'-0 gnrn' Cff p"'1< "'f"'l<nt 'l'f<"-'im"<iJ' ot>< ~-<I

"'..poon ot olt<rn>tiy<t)' .., 'l'fl<O"m""t).· 1 cm 'rog
,""00 "I",,<zal "'" of ••t:It>dlord tub<. To 1«' 111< ",di.·
f'<r'libility. 1 cm p"'1< w<'" gil-<n irllO 100 ml Cff -.- ...".
(.pp",-üm.t<lJ· <quil"""'t 10 • tJpical mlum< of. lO1l
drittk). Til< p"'1< "-.. <itIt.". di,p<n<d 1»' m.nu>! .tirriog
"'ith ••J'OOrt (Fig. 6 ~~) ot .>It<rn><iI·<IJ' "·it~ ••"".
mm-log m.gt><oc .ti""," to ""it"" gut rot"" (Fig. 6
ng",)
Tho f"""ul"Ooo 1. w<ll di'p«<ib'" bJ' 'poo<! <tmng .00
""",_••t<o good ",di'p«<il>ilit)" "fI<tt .ppIJ-log "-"'.
fo««. To Jl!mlx 111< "LC~ 1""1< 10 1O~ drin •• '""<JI! or
"'ing. 'poo<!.• tthJ' <&1111<"'" c.... 1>< "l<d "'hldl <"""
",-<n furtl><r dl'p«<",n

1.5. Alnt"1";"" ",.rna~i,,~

Il " "-<II OC<'um<o",d in 111< """"tUl'< thot 111< 1"""""'<
of Ilpid' <.... rn"""'< Th< >l>lOrpOOn of <!rug' (01Jtrn.n
<1.>1. I99J, 1'001<,.00 01Jtrn..,. 1001). Th olltain mu·
imum <ft<"- Ill< <!rug or >:til-< """d, 10 1>< <_')""""
d"al "-iÙl tll< llpid. t"'" m",n. p""-"""ntioll)· Ill< .ail-<

-"'-"'- ••• 1

"'.1 __ of ,,..~ ("-.."" ....." '"" __ """",,",œ" __ of"""'" """ .._, ...

....... _J,. , ",Np< ""'" """"" of _Of,." ," _".'" 0><. "'" CM (2004, ""'''''ro """ """-,,,,,,, r.. "'" " of
""' " _ • ""... of -...,,,~ ""''''Of'' """ H~J _'d.. J -..- ,,,. ," _, '" "",,"." .<.. "......""" ""'"
B ""
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'0 1>< _<d 'Muid 1>< ir>oorponl<d ot di..oI,-<d in
,fie tipid
Il ~-.... t<o fouoo t1l.I' 11>< l<ngtll oft!>e f.tty.cid dloir" fi.><
•• ..f"", 011 11>< ~"". f.tty >cido ~·itII. dI>in l<ngtll
of CI4 10 CIS promo« .b<orptiOll 1»" ~-mp/l.ll'" uPU"
(Port« >no:! 01>rmoo. 2001). 1. _ioo •. it .. bffi<1kilol if
11>< lipid" FJ««.1<d ... n""ly di,p<ru.!" po..iIll<. TI><,-"ioI"", in bioly';lJl>itily of 11>< 1"" q"Clo<porirI A pro­
du"- S.ooimmu",,~. ~-<r< <xplllin<d 1»" iooil-id.... ,->riaiOll
in ,.n.« ",m-< bil< wU, ind«d. 1«, bil< wU. 1«, ..f<c·
'iI--< di'p"'iOll oftlt< cil. 1< .. I>io.y.;l>!>ili!y ....d "". '~rsa

B:ll<d 00 11>«< cOll,id<r:il""'. 11>< ool<g.l f>lly .cid, ~-<'"

i"""l'onI<d inlO tII< lOIid m.trix (cio« ...oociaioo). TI><
'rig~"«rid< <1IO«tl (0)-...... Il S _ gl~"C<"fl ,m ",,<)
COlllllin, CI S f.lty ",lei, >no:! 11>< ,il< of 11>< porticl« ~- ...
,m.lI ... po<,iIll<. 'full m..." in 11>< """""",!r< "'ni<. F"~

111linl-'l1 11>«< ,m.. ",qu"""'<nt< ,~""Id lJtO'I"ld< ... "lJI~

m" fonnulaiOll. ~ fie""" of "'ur« 11>< bioly.illlbility <fi­

f1.IOC<tll<n' fi.>< 10 1>< in,-«tig"'<d in .. '",'0 ""clO«. ~fildl

... c=<t\Hy i. pt<l""'tioo
Il could b< o!IO'.I'. t1l.I' tI><r< .. "" m.jet dilf<""",< in ,fie
m""fullli,m of d<W,r:adlooo. 1><1'01-""" cil dropl<U >no:! lOIle1
lipid f'lrOCl«. Th< ootid tipid f'lrOCl« .r< d<g1:ad<d 1»-"
10p>«<. 11>< d<j.I'lId>oo. '-<loci!)" ... furKtiOll of 11>< cf><­
m"," Compo<itiOll of 11>< port"'l< m"'rix.oo 11>< ">!>ili.....
"..d (MUII« ....0:1 Olbric1l 1999, Olbridl <t". 2002)
Fig"", 1 o!IO'.I-,. model of 11>< d<j.I'lId>tioo >no:! ,fie ,'li>«­
qu<n! ~"" promoting m""fullli,m. TI>< lipid ""..,.
f'lrticl<' <n'« ,fie g", Iipa«._ 01110 ,fie port"'l< ''''.
fao< ~~ , tII< >d""l""" .. promot«! 1»" 11>< p"""""<
of "'.lip ElIlymaic d<j.I'lId>tioo of ,fie liplel port"''''
l<ad, '0 11>< fonn"'"" of ,.nao<->em-< d~.oo mOOOj,~"'

c«id« fonning m""II<,. 1. ""'" of drtJg.lood<d lipid ...
""port"'I«. tII«< m""l1« ",rttai. wlubilil<d drtJg. 1.
c... of 11>< Il,~ ci~lo>d<d ~LC~ 'fi<)-" ""'.." of g~"='
id« ~'itll ,->ri"", f.tty .cid, incloding 11>< om<g.l f""y
.cid,. 1.11>< ""X, ,t<p mi=! mi«ll« ~'ili 1>< fonn<d ~'itll

bil< .. lU I..ding 11rW~" '0 11>< tipid .b<orptiOll

1.6. FI."",,";"t .~d roJouri~t

Dil.ruOll of 11>< ''''~ cil in ,fie lOIid POrOCl< m""'" .00
,orrounding 11>< f'lrOCl<' 1»-" • poorty dil'iuilll< m<di"m
(,.-"'«) fot ,fie lipoptliil< Il,~ oil rotnf'O""nu "",Id no<
rotnpl<t<1y <lim"'1< tII< unpl<......' ,m<II, A ,ligh' Il,~)"

,m<1I "",,>in<d ~~;rn "",Id mUl< ,,",itiw 00«<. Th<r<­
fot< ,-.no", 1'1»,,,,,. ~-<r< I«1<d fot m.... ing' Or>ttg<
1<m0ll. ''''''I><'T)' >no:! m.ni". Th< Il,,,,,,,, ~-<r< 'l'pli<d
in dilf<t<l\' """,<n'''''''''. Th< mo<! ..lld<n' """ ~-... ot·
• ng< 1'1»"", in. c"""""",,oo. of 1.1~%. Th< ,..,"'" ~-...
i"""l'onI<d 1»" _ing it '0 11>< moll<tl lipid bl<tld i""
priot 10 OOmOj.<ni..."". h.l"""''''' of ,fie I"Olail< Il>­
'''''' do« "'" ..<m '0 1>< • prolll<m 1>0<...", 11>< proe«.
,ing IOm< .. "'1"'iI-<~" oIIort. 1. >ddit"". ., lItj.< ""'<
prod"""". llomOj.<tlil.lll"" ~'ill ~< plll« in clo«d coo­
,>in.... "ming .ny r< ........, lb,,,,,, 10..
A cclou, 'l'propN1< 10 11>< 1'1»"", ~-... cOO«n fot colour·
ing ,fie prodl!<t, Food colour )-<1""" ZLTl in. """'<n''''
,lorI of 0.14% >no:! 0.011% food cclou, r<d ZLT1

1.1. C""</u,;,,,,,

Th< ''''~ ci~lo>d<d ~LC~ p"'1< pox..... , ... ul"" f,,,,,
f'lrticl< ,il<. ~ fildl .. f"""",bl< fot .b<orptiOll i. 11>< g",
Il .. <...ily di'p"'ibl< i. Ilulel mali>. TI>< fonnullllOOII r<­
pt<l<t\U •• "t<rnai,-< fot p<"""'. «p<""I~" CI""'! f>O"
,""u. ~M fl.I>-< prolll<tm ,~-.I1",,·ing ",W do<>i< fonn,

["""pullltioo in 11>< port"'l< m...h >no:! fonnulaiOll ...
O/W 'y"<m minimiZ<d ur>oi«ir<d odout.oo ''''1<

3. b.-im<"LoI
H ,•••".w.
[);..... ," <d,_' "',,-.a, ....... _ 't'J *"'" """""""'" ""C· _ ............ """"" ('''n... '*'-,., """....,."""
",... (\OS) "'" "",,..1.~ ",.,."Jj""" ._~ ""'" Po" C...
...~ ("""" """''''''' "'" ""'" M_ (""-""', '*""",.,
_""'~""."'_ Ill.,.. """ U_ <h.......... ""'0:<""
....... Tl'G' (""'''' """"""" ""' '1_ ",=, """ .- ,_ ...... 0:<" ""'"~ ("'''_, U.~.' AJJ ..""'..u ._ ....
.. _-..J. '""' ........,..". M;U:~ ",,_ (.. " ,"'''<>' MA, U , '""'""'~, ......."'" ....'" ""'"...-... '""'" ( '*'-,., •.....- li. -.... ..,'
""'" .od.... , (__'_ ....., "'" ". OOA ("""'-
..,-,< ""J, """"'''' "' ....... '.h "",n",•.

... "''' """"' - 0-. ....... -.. "'" '_'.""" n,,_ ";_ ( '*-,., ._ ......_
__ • lJ'" 0:<' or """ _, """', ""'" """""
(IIA~ Joû, """'....-. '*""",., ._ ...
il. , ....

.... ""C· _"'i<' _.... _ ..... '""'~""'J "' ," _. ""C "'" """ n. ~J .,.. """ .....
.... '"'''' '" ",·C •• ",b '" "'" "'..... 'Ii "'"""" n ".,,"__ "'•• ,,,,,(.,..., ""- •.,.
,,",.,.~.,_ ("'"'- •. , III "'" ,••,"""'. E T1'G'"
...~.__........,.. """ ""'.. l"'" .".;, ,,""'-
_~J_, AJ-..~...,. """""' ,,"""_ ..., ,."' ....b._ '10 ~l"". ('JOOO _ """""'"' "" "', .
., U''''' ,•• T." (L,,", J "'" ~ , n Go<-.... ,., '""' _ """-'"' -,,"""-
UO '" (Al'\' ""'''''"'''''.-.., U_ '*'-,.,. ""' ""'_
_ ,,'d•• ",·C '"'" LAO '" ......._ ., _.
___ ,... )dM: ,.. __~. IIoJJ ( , ...

..... "',,·C... _"',.."'. -, -"""" -
(J'C<l , _,,~ _. ( ",,_, _,,~.__ U~, "'" ,1~". _ "'_( __,""'. ""'-.J.""""
..... <l'Il ... _ ... *"""" .,.... "''''''' J._. Al'I "'.h
__, l""",,,••• """"""............... •. '0_010 -.Jk....
...~ , ".,.,..."'" •.~_ ~ """"""- ••...., """"' JJ._
_ , ,.. "' '" _ .., • """,,' 1.< '''' ,_ JJ!.
__ (U>, "" (-.......coo,"" ""'""'- '*""",., il>.... '.h _,•• '"_,,.. ..~ """'~~ .
... ,_ "'" ,.. l"";_ """'~~ ......... '"'" •.~_ ._ ....

"'""" ..,.. "'''' ,"""""'"- ~._'-(-, ......." ..- ·on ,o.Jj", -"' '"
_ ,.., ".;,,_ (t:d., 2«», "', "" """ _,_ .
_ "' _, (..... ,_ """'" oL.

"'" ... '" ..J","
:z... _"""'" .......... "'.. ,.. ........_ •. '""' __
-..._........., •• "'~ "'__~ "'HQ \'>, .....

""'M" .....".. '" '" ""'" " """"" ~ , "'".. ...,,;.. "'__"'" __ '"'" 0" ~ ,.. _ '" U_.J ....
~.~, _.. •. A",,,.. ""J ._ '" ,,_ '""' ..
.............., _.,' .,.. '" """ ""...,~" '1••.....-.., _ ...
,,_,~ ..- ....., (MC' .,.. """""'"' ...... M.,,,,
..."'" D<C "" (""'''' Gl_ '*'-,., '"'" """ "'.
.,.., '"'" "",",._ , """ .....,... - ",n"" ••
",-".."' .......
~"" _" .,.. ............... ,.. "'".,••UM< "',.. 'o'J_",,'."""'" \0'" "'C_. """".... """""•__ ..... "';'Ioo~...., _ pW ""'''''-' .,...

_ ........ (l,_ ,-"" A,," l", "' ....., """"" "'. _""'''
"""'" ""'" ,... ",. JJ"""""",,, _ ...,. '"'" ""'_ ""'........ _ -.n"'" _ ("'"'''' pW ,"'" (J'I ",
.....wi~ " fl " S,,,_ ""' AJ_ '"'" .~ ,
.... "._ "" JJ__ " ooJ, _" "",_ ••
...<-,... ~,.. .'""",, "''' "'.""" li .. rru..." _
........... _,h "'~.." n,,. ...__ • '''''''''' -.. h
..... ( _ .. ,.. "' .. ".0" -.J, _.'"_ , ~-', •"m""", hi<' .,""'.,'
_''''-' T>J........ ",...,.. "" Goi_ ............
,.. _ ... '" """ EU """'" __ • _ .." •• AJ.·-..J

""" ""''''''''' _""'" ""'" """"" _"EST CT.""'_""""
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~...,"'~<OCioo__"0< or _, '" ....',..
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"",.... A (200<, "', "".. "',' ..... 1'" "]F , "'" ''''_
"" """.. '"_ (!W, _" "'" _ ""' ."..
""""""" '" l, ,,,_,,.

"",.... A, ........ C. ~'" M, ""A, """'*' ~ MioJ'" M ('_'
EfIo<o or .. "","""""OJ " .... , __ .. "'_ ,. "",,",',
_ ..~.. EqJJ MoJ ''', ""_,_

""'... M, .~..... F, ~.~ (lOO!) ."on" '~J"""" ,,_ 'o.
.-. ~-. FA Wo••, ..... ",. u .... :li, '" _,,.
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7.2 Lipid Nanoparticles with a Solid Matrix (SLN, NLC, LDC) for Oral Drug Delivery, Drug 

Development and Industrial Pharmacy 
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Lipid NanoparticlC's w;th a Solid Matrix (SLN:!l, NLC:!l, LOC!:)
for Oral Drug DC'livC'ry

.\lare .\lucho...
~""_"" H",,/polMu,... "'''''''>' J. L"bor"""Ya/p/"",,,""',,'IillI r",h",,~"Ni 8',,1'''''''''''''1.
"'''''''1. Fr"""•. ""d Froi. ~..,,_.'J, 8 ...II... lNpar:" ..", al1'''''''''''''1, p"'",..""••r/cal r.<hnol"IIY.
8'''p''''''.'''''.rIa. "Ni S."-fC"".,,k•• &rI"'. G"'''''''I

Philipp<' .\1 ain""n!
~..,,_./.. H.",/ PoIMur' "'''''''>' 1. L"bor"""Ya/P!>i1r,.""',"IillI r",h",,~ "Ni 8'''1''''''''''''1.
S"""I. Fr""'"

Rainer Il ..\1011..
Froi. ~..,,/_.fJ' &r1"'lNpar',.,"" alP!>i1r"'''''I. P!>i1r,.,,,,,,,,r/cal r.<hnol"IfY. 8""""'r,.,""""""
"Ni S.'rfC",,.,'fi<t.. &rI"'. G"'''''''I

informa-

Soh. ,,,, n~ ... (Sl. ·, ......,." "p" ."ri-
'" ( .... I.e'). " , •• '''j ". (1.0C'j. _.~. pn>-
...... "J' p '" .. - , ..... " '"' ,......,."
." .n'''''~·''l·.r p.,,~ ,•• "n.,••"..""l'.n>-
p."~ 1'''', p , "" , ,.. ".
........~ ..~.••,~ 1· , , P"l· lIj· ...-
.......,~.•'l. 'J'''''' b ""', ",.h p.r ,.. pn>-
...., P""'" r I.b-"'. ,. 1 ,_ ;••
• "'b-p ,,'" "'J "J' .
.."."'., 'H,••r "_••""", 1 , r., 1 ...
..... p , .... " •• )~.... " .•• "",,, p , q.. I"l , ..
... I.b- 'l'l'''' n~ "'~" "'~ " ,.. _ r
p , "."'" r .nl _ •.• "."'~
"l ,"', p. n••1.n' ' r.' ',.-
.. 'l ".r "p" p.n~ ... r., .n' .,.. ""~"'l', "
..........,.~.•••"' .. p .....'" .. - ....." ... p......., ..._....,

"'l."..... Sl .... ' .... lC' lOC, <hi "''''''l·....I~ ""'..~..,.,
....1<hrl œU,= b~1""_1uo"i"""t"',

INTRODUCTION

l",id-ba«d drull d<t~-..y ')'"...... p ....d ir.<rea«d
"I<m"", durinll 11>< toIl)"",,, (AM'S ltf'Od-BaI<d IJnJll D<1~"«y
Sj-'I"'" Fo<u, Gro<lf': ~·~w'''f',.~-...idoifO<U'..llfOOf',1
lif''''). l"'id.... lmown '" promO!< 0001 al>w<»t"'" of drull'

~ «n<"Opo"~"O< to "i,,, H. "~I", rIO" Un;'~t

~Iin. D<p<rtm<lt 0/' Pœ",,.,,, """,".«ut".1 T«b",~"

Blorm""..<ut"••..l ....u".;C...",,"'- ~li~ G.",,.,,,.. [_".i1
_-,·."ull.,.-be;li~oan;n'_'''6i'"''<O''

(Clutrmoo " .... 19\1" Clutrman, ,000. Clutrmoo. POfI«,
M,ùutni, '" Dre<smon, 19\17: 1I01m, POfI«, Mul~ K"''''''«n,
'" C Iutrrnon, ,00" Port<, '" ClutrmatU\, ,001", S[uchl" '" Za\:,
,001). Vitamin. 'Uo<b .. ,-itamin A ..-.:1 [ .r< 1><11<, al>«i<bed

in 11>< J""«"'" of f"'lif'id, (Ku,.i., 1987). TO«•• r< quit< •
ouml><, of drull' foo ~'hich an ir.<r<a«d 0001 biOll' aitobility "
r<po<t<d ~'1><0 1I><y ... admin"t<r<d in 11>< J""«"'" of f.,·
rich food Eumf'l« ... 1«10<1«00• ..-.:1 lutIofantrl""
(Clutrman '" Port<" 1_, 1I01rn <t .1., ,001, KI>oo. Pon«, '"
<:1'1.."." ,000. KI>oo. SIla<xl.fool, Poot<r, EdwaN', '"
C lutrman, ,001, Poo"", Clutrman, lIuml>«<l""", '" Clut"""o,
1_, Port<, '" ClutrmaM, ,001 b, SIlacl:~fool .1 .... ,001)
Ao <>:«I~1 mod<1 drull'" d<rnonl1r". lht<-~·bi<h"" Ih•
<am. tim. of high cornm""," inl««[-<. cYCK><porio A
D<li,"«y of cyc"'porin A in 11>< foom of. mi<ro<mut<i""
(S.roli"""",,' Op1Ofllll<.000I). 11>< ...0<"0l ll'''''''''''''' pro<!Uo<I
by l<Oyarti., di<l"'ctly tNUo<<d Ih. ,-ci.. "", in biOlly.ilabi~ty

~'bich ~- m.p prolll<rn of 11>< cl..,ic S.rolim""o' <rnU~
.i"". 1I0w ·..,.n W>:I..""d f'toIm. f'<a\: 0=_, wbi<b"
b<Ul1l h.1d ,..po<t,ibl. foo .id< .ff«I< ,uch .. ""phrotoxicity
(M.rti,....." 19119)

ln. cornl'-""ti\". in \"~·o '100)', cy<lo<porin A n ••dmin,,·
l<r<d ... drull"''''''''l''utl ,u'p<n''''o (10 ""i~d """"",u'p«l-­
li",,--) and inoo'f'O<"'<d inlo IOlid l'I'id """'!'"rtid.. (SU,')
)<"""'l'.utt< ro...ilt of 100% drull ~·ithO<lI .oy m..rl>. m....
ri... Th< ir.<,..... in 0001 bioo,-aitobility r<port<d foo drull

"''''''''l'Ital< ... reoily ""pr«'~" foo c<rl... drull'. Ao
.umf'~ i< 11>< ir.<rea« in abI<llu", biOlly.itabilrty foo 11>< drull
dalUlill frorn l.1 ~ 1.9% ... """"'" .u"""'''''' '" !D ~ 10.1%
... drull """"u'r",..i"" (li\"....idll. '" CUMy. 19\1l). In
COO""'I'" Ih" liI<u,ur. dala, 11>< ""ulll of 11>< cYCK><porin A
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... "'*4 l'PI (MOlIor .. Ill. 1006: "'- 199I~ '""" .. ,.,., 0
.oody _ ...... ,... hpoll "'"' .-.. bi....-.ilobil>lj
lIld <hl, Mo$ -:.~tall .·it_ llpodo b fIr"O"" co.
pooentially of lOnit<d .If....

5t:." ""..lop<d i. 111< bef;imlnj of ..... 19901, T"",
""'''''''''''b< rror<"Y io tlllll tb<y .. mlllo n-om 010lid 1",,4
oniy (Gu«>, 199): M~lw .le l.lJd" 1996: a.r Mllhlo',
5<tl........ , M<lvten. .le M~I~r, 199)). At th< tun'l of the mlllo ...
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,~

5tS· .. 1"",<1" mlllo fr<Jrn. ~piol 1l<irl1 ",!io! 01 "",m
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il "'loly' ",Iid tip". '.1., 1»""'.... III (>ur MUni , 5<tl.........
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1991; Mlllla'. OIDJ1cr. W<)bln. lUI' Mnhlln, ol ~Imnc-n.

199"0: Millier '" 1..u<Lo, 1996: MllIIcr. Milio<• .a GobIf,~
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OOug< fü<m< «.g.• tal>1=. 1"11=)" 0 lot of nt'" ..al, 10 1><
"",,0,"<01 10 <00 up ~·i1l\ 0 dry OOui< form 110"''''''. both
prodoclion pro",..<.-I>om"ll",inlion 000 micro<rnullion
m<1l>OO-y"td an idental produ<t IOlio:! hpio:! particl" di<·
p««d m on "'1""00' di<p«<ion m<diuln. A, oi«<ril>ed in 11><
pal"'t (M~II", '" Locb. 19%). SU,, pr<par<d by hip.
J'f«'''''' 1Io""'ll<nintion <an 01<0 1>< prod~ in """"1""00'
di<p«<ion m<d.... looi" tl>< di<p«<ion medium do« Mt

di<lOh.. 11>< l'l'id. <.i.• ~quio:! pol)'<lh)'l<.. ityrol (rEG) 0< oil<
«.i .• min<ral oil)

SL~' or< on inl<t«Htli d<li,..r)' ')-'1<1n. 110...<1.... tl><rr
arr <om< potential Itmitmon<: 11>< "'laI~"ty low loooli"i
Clpod!)' fo< 0 "uml>« of drug. 000 po1<"ti.. "'J'lIllion of 11><

drui duritli """1:<. E'p<<<oUl' SL~' J""I"rOO from on<
hiihly J>llrif,al lipio:! <an «.,-""Iiz< m 0 """" 0< l«, p<rl«t
«)'''''1''' l''oc<. Soch 0 p<rf«t «.,-.alli .. '1N<I"'" 1"'"<5 lit·
tI< room fo< 11\< it><0fl"I<aIi0n of drui'. U'ually. drui' arr
it><0fl'0<"I<d 1>«...<", tl>< fonl' acio:! <1ta.n'. 011<"""~"1y in
!>«~-«n lipio:!IO).. " 0< in _"'l'hou. <lu,,,,,, m «)"'al i"",,,"
f«lion•. Tl>< mot< p<rl<ct d<".. 1y pa<~al tl>< «)-~tal ". 11><
f<...« drui Cln 1>< i"""'l'_al

Mt", production. SL~' «)-~t"liz< m hi~'i<l'" l'l'id
mo<hf",,,,,,,,, ,och .. " and ~ Ouri"i 'lOfai<. 11\< l'l'id
""",,,ul« utl<lergo 0 t""..lep<'.',m '''rno<turitli 1"""'"
l<adi"i to fonnmon of1l>< Iow"""'ll<ti< modifLCllion. ~ 000
~. Con«<tU<tltly. 11>< """" p<rf«t l'l'id «)-~t"l"" <tno<t"'"
teod, to "'J'lIll"'" of drui (Wu"",. Bu"..... '" Koch. 1997)
Th"p"",""""on ha< b«n ~-<U _ ...n fo< 0 loni t .... from
,ul'l""'rtori« (M~U",. 1_)

l''LC
To O'"<I<Om< 11>«< Ilmitalion•• ~LC'" ho", 1><", d<\"lof'<d

(M~II", <'[ .... ,0000). Chara<t<ri<t", f"",,,,,, of 11\< ~LC'" i< 0
ronIrollal 1\aOO51N<turi"i of 11>< lirio:! part"'l< ",",ri>.. i.< .•
""'''''''' of 0 lipio:! partiel< ",",ri>. .. tmp<rf<ct .. po<,ibl<. T0
ach"'" 11\....pati"ly '"<1)' diff<""'1 mol<",,1« 0'" """,d. In
i"'<raJ 0 IOlio:! lipid " mix<d ~·ith 0 Iiquio:! l'l'id (oil). Th..
bl<rol " u"d 10 prodoc< tl>< l'l'io:! part"'l" tlu< arr <tililOlid"
1<"",,,""""" up 10 abo<!l 4<J'c

Il Cln 1>< ,ummoriz<d that SL~' or< parti<l« prodlJC<d
from 0 IOlio:!l'l'io:! only rol ~LC'"arr part"'l" prodocal from 0
bl<oo of IOlid l'l'io:! ~·ith 0 ~quio:! lipio:! (oil). Thi< ""ulu in dif·
f"",,,,,, of 11>< part"'l< motrix ."u"u",. ~LC'" po<<<< mon)'
tmp<rf<ct""'. it><""'''''i d"'i -"'i Clpaci1y 000 minimizi"i
0< ,,-oidi"i drui "'J'lIll"'" duritli '1""1:<

wc
Ba«d on 1I><it hPOl'hil'" <!tara<I«. SL~' 000 ~LC'" ha,..

onll' 0 Itmital loooli"i Clpaci1y fo< h.,-drophili< drui'. Th.. "
Mt 0 prol>l<m m CI" of hiihll' po1<"t h)-drophil'" drui' ,och
.. EPO: 11><)-' <an 1>< IOlubiliz<d m 11>< m<ltal lipio:! motrix
u""i .macta"t mixt""" 0< j"" ,,,,,,,Il' by 11>< "."...,. 000
diil)--œrid« l'''''nI m tl>< l'l'io:! 0")"-0)' «.i.• Im~·itot 900)

110"'''''''.0 hiil><' -"'i Clpaci!)' ..... Mt ach",-abl< ~·i1l\

th.. 'ind of lipio:!lUoopart"'I". To lOI,.. th.. prol>l<m, LOC'"
parti<l« ~-"'" d<,..IOj><d. Th< h.,-d"'flhil'" drui" tfOf"fonn<d
10 0 mot< lip"l'hil"'. inlOlubl< """,,,ul< by ronjuplloo ~·i1l\ 0
Ilpid'" romf'O'loo. Th< ronjui"'''''' <an 1>< p<rfonnal b)' ro'-"
l'''t IN'Il< 0< li"",ty by f""""lion of 0 <>11 ~·i1l\ 0 fml'acio:!
(m CI« of drug. ha,-ini fo< <"""'4'1< protonizabl< fu"""""'1
woo1")

Th< LOC'" 0'" poorly ...oter IOILlb." th<)' 1),l'i<>l1y h".. 0
m.ltini ""g< of ol'l'f'»''''':ll<ty lo-IOO'C..-.:I <an 1>< tratl.·
fonn<d 10 IUOOpart"'l« u.i"i 0 hiih-J'f«'''''' """"Il<"izal"'"
m<!l>o<l .imilar to 11>< on< d«<rib<d fo< SL~' ..-.:1 ~LC'"

Comidering tl>< ",,1«u1. ~-<iiht of 11\< t...o fractioo. in tl><
<onlui_ mol<""I<. i.•.• of 11>< drui i"'lf 000 11>< hl'io:! part, 0
drui loodini of ol'l'fO"i",",<ly lO-lQ% i< o<hi,,-obl< « .i....
'''l'''''l<d fo< dtm""'Z<n< of abo<!t JJ% fonnuw<d .. dimina­
, .... dia«lura_acid <onlUP1< ~·ith palmioc acio:! .1..rie acio:!
(Olbrich. G<Iln<r. 1(0)-"". '" M~II",. ,00,0)). LOC'" IUOOpar'
,,,,1« <an 1>< mal!< from 11>< <ooluPI<d drui onty 0< IOlio:!
Ilpio:!. <an 1>< additio!wly admtX<d 10 fonn 0 mixal mallix of
LOC'" 000 lipio:!

rROOUCTIOI" 01" UR >CALE
Th< prodUoction m<ll>o<l of f"'t <110",< for 11>< th«< t)'p<. of

l'I'id I\II\opart"'I«-SL~·. ~LC"'. and LOC"'-i< hip.
l""""'" 1'>om"ll",inoon. In <a« of SL~·. 11>< drui i. di<·
101\"<01 0< di<p<r«d m 11\< m<ll of 0 IOlio:! lipid. 'Yl'i<>lly
ol'l'fO"itnll<I)-' l-IO'C _,.. tl>< lipio:!'. m<ltini point. In <a«
of ~LC"'. 11>< drui .. di<lOh"<ol in 0 m<ll<d bl<OO of 0 IOlio:!
l'l'io:! ~·i1l\ 0 I",uid lipid (oil). 'Pm .Iiihtty 01>0,.. tl>< m<tl"'i
point of 11>< lipio:! bl<OO. LOC'" I\II\opart"'l" .< <on-.nonty
l"oolJC<d" room 1< "",,,ra! ""'. In 11>< "'"t pro<! Uoction ,1<1'. tl><
à1.Ji-rotl""""'i lipio:! m<ll 0< LOC..... diip<r«d m 0 "'"oct"'''
,abiliz", IOIU1"'" of ld<"ti<>l 1<"""'''''''' b)' hiih-'p<<d
.tirrini· TIt.. y"ld. on "'Iu.eo<l' oil·m.~-oI« "J"<-<lWllion-­
(SL~" and ~LC"') 0< ,u'1""''''n (LOC"'). To adti".. 0 hiih
di'I'",,,tl' m 11>< 'Ub«qu.<fil """"Il<"ization J'fOC«'. it "
"'romm<r.led 10 u" di<p<""""'ff,,,"'u. f..l diffu''''i. <I<e­
1"""""'..ll' .taI>ilizini. 10,,· mol«ular ~-<iiht .urfoctanu ('.i.•
lOdiLltn _l'~ulf'" [SOS]). Th<)' diffu" ''''l' f..t i"1O
"~.Iy fotm<d in1<rf"'''1 10)""..-.:1 .tabiliz< 11>< fonna! .moll
dr"l'I<.. <mcl"'tll' minimiz"'i .Ub«qu.<fil ro'-«>«
ph""""",,- To ach"'" hiil>«t phy'''''' 'tabili!)' m p.
troinl"tilUl malium, tl>< <otmilUl"'" ~·ith 0 ,,<rie <labiliz", ..
"'romm<roied « .i.• T...<", !O 0< l'\}lo.um,,, 1SI). SI",i< 'ab~

lization .. I.tl< 0< 1", tmpa;ml by 11>< Jl""<1>« of <"",troly\«
<""""rOO ~·i1l\ <1«Iro<aoc <labiliLll"'" (hiih Ha 1'''''''1 .. 1)
Tl>< ~lWllion"u,1""'''''' "l"'«<1 throt.Lih Ol<"",,,""ur<-­
<onIroIl<d hiih-J'f«'u", 1'>om"ll",iHr. "Il>« from tl>< p..too­
Pl' typ< (ArV Gallim. M'V D<uu<ltl..-.l GI>"i>II. UIUtll,
G<"""'y. A,-..tin Eu"'!"'. Mannhnm. G"",anl') 0< from tl><
j<l.""",m 1)')'< (mi<rolluio:!iLll"'" prin<'l'I•• Mi<rofluio:!iHr'.
Mi<rolluio:!"'. 1"" .• ~"'·lOn. MA. US,\). Il'''''''i'''iz'',,,,,
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"""""""'" fOf SU,·..-.:I ~LC..z .. ai"'" t),I'''''11)' al>o<ll l'C
_,.. 11>< m<lti"1l fIO"'l of 11>< l'l'id l'ha« aro:l room l<mfl'<'"
1"'" fOf LOC..z 1" pri"'''l'~ fOf SL~·..-.:I ~LC..z prodoctioo,
on< 1>o""'ll<"",tion c)'c~ al Joo!lM .. ,ufflci<flt 10 y;'te1 a
1>o<0ilwa"" <mutl"'" ~·ith a l""icl< .iz< of awroxi""'<ly
,Io-Joo nm. Coolinll of 11>< IUOO<lWtlion durinll thN pro.
doc"on 1<0.0:1. 10 C'l"alliz.alion of th< lil'id and f""""tioo of
",Iid """",md".

TYl'icai h""""ll<""Olion l""''''''''' "fIO<t<d in 11>< litera·
1"'" are 100 bar aro:l ul' to tltr« hom"ll<fliz.alion c)'d"•. Th<
IWO aOditional C)'d.. leao:IlO a furù><, .Iight ,edoctioo '" 11><

l""icl" .iz" to _ima"l)' "0 nm ..-.:1 a tam:lw"'ll of 11><
~·idIh of 11>< dizuiblltion ("'doction '" 11>< fIOl)'dizfl"'<ity o..l<x
of fIl>o<on """",talion 'p"'''''''''''!'y, PCS). Ilow",.. " fOf onI
drull deli,,«)', ,uch a ._11 diff<""",,, .. JO or.lQ nm 00.. Mt

mon... Th< ..m< iz ,-alid fOf th< hom"ll<fl<"y in 11>< partie~

.il< dizuiblltioo. Il<oc<, on< <)"<~ al 1OO!lM" coo.id<r<d ..
M"ll,uff"'''''t fOf partiel« i""roh! for onI admin~""tion

lOAOI~eCAPACITY AI"D DRUe Ir<;CORI'ORATlOI"

MECHAI"I>'\-l'

Il ha< to 1>< diff<""'I ..t<d I><IW«1\ lotJJ"g <apadty and
_''',-_'''' _ffid_y. llJrr_"" -Jf'd-y" def....d .. 11><
l""'<fIt'll< of drull ""'O<fIO<'Iled "'10 th< lil'id """",mcl..
",10li,.. 1O 11>< total drull ad<l<d. Il 'l''<<f... 1>ow m..)' J'<"'<fIl
of drull are "'clL>d<Il '" th< l''mel''• ..-.:I1>ow m..y J'<"'<fIl of
rr.. drulla'" ,tilll""«flt '" th< dizfl"'<ion m<dium

LotJJf'g œpadJy ",f... 10 th< J'<=lIi< of drull i"""l""
""<Il "'10 th< lipid """",mcl« ",tal~"10 th< total ~-<ight of
11>< l'l'Odic fIlw' (i.<.,lil'Od. drull)· To Il'''' an <""",,1<, ~-<

...Um< a 10% lil'id lU""""ic~ d~l""'ion (i.<., 10% l'l'id,
al>o<ll 1% .""><a"t...-.:I!9% ~-_). In th~ Ca«" th< l''rtie~

mao, .. <qu~-al<nt 10 IO%, th< particl< mao." def....d .. 11><
,um of lil'id..-.:l drull ( • 100%). If th< drull had a lotJJ"g
_dJy of 10% "' 11>< lil'O:! fIlw', th.. ~-O<ltel """"'fIOoo to
1% in 11>< totalaqU<O<l. l'l'Od """",mc~ dizfl"'<ion

E.rr_"" _ff1"'bUÙ' in th< il",,,,,",,, are "'tl,,~..1y high
Th<y "'"ll< from tIO% for th< drull """<ai.. 10 a!>o<lt 9'1% fOf
<""""~ fOf l""dIt""lon< (Sch~-arz, 19\11). Of OOW'«, "'rra~

,."" _ffi<Ù""J' nll""" might looI: ni« '" ca« onl)' ,"«)' Ittt~

à1.Jll" add<d. Th< mo« """"_1 fIO"'t" th< looJ"g œpa<­
!/yofth< lil'id partiel« th<m..~.... Ilow m..y J'<""'"t of drull
ca" 1>< "'<OtfIO<""d "'10 th< total lil'Odic m... of th< parocl«"
Th< laod"'ll """,city d<p<M' on th< "'ILlbihty of th< drull '"
th< ",Iid lil'Od ('" ca« of SL~'l Of th< lipid b~oo ('" cao< of
~LC..z). In ca .. of LOC' lU""""icl«, th< IoaJ"g <apadty i.

d<I«mtro<d from 11>< ""'" of th< mol<cutal fraction, '" th<
coojupl< «.ll., drullaOO coojui=d fany acid). Exampl« of
laodinll œp_ll. "'fIO<I<d fOf SL~' are 1% fOf p«dr.i",lon<
(Sch~-arz, 19\11), 10% fOf "1ta<ai.. (Sch~-.,.•• 19\11), aOO ,0%

fOf <)ü"j>O<'ir. ,\ by Ru"S< (R U"ll<, 19\II!), aOO "''''' ,1% for
<)"<lo>5j>O<'ir. ,\ by RadIl;< (RadIl;<, ,00)). 1" cao< of ,"«)'

liflOl'hilic ronlflO'lOO', a JlOO'I "'Iubiltty '" th< lipid loadi"ll

<al."'t'" ul' 10 JO% can 1>< ><h;',"«! «.ll., " ..min E)
(O"'ll"", Blum, ~i<hu., M~II<r, '" GaMa, 199\1)

V'-hat are th< m<<ha"~m< of~ it>ro<fIOOIlion" Th<r< a",
diff"""t modetl d«<rib<d '" th< lil"u,"",. Th< _je>< ~-O<I:

ha< 1>«" <lot>< by 11>< ",••,,,ch ll""'P of M<!u><~ aOO cO>
~-0<I.:<n (M<"""t '" Miloi<r, ,001: M<ltr.<rt .. al., 19\17:
M~I~ .. al., 19\11, 19\17", S,hwarz, 19\11, zur M~"l<n, 19\16,
.Ilt M~"~" '" M<h ..... 19\II!). Baoicall)', th<r< are tltr« ""''''.
fIO<"tion moO<tl (Fill"'" 1),

Ilom"ll<ro<l' m.,rlx of ",lOI ",IUlion
Co«>-.h<1I model ~·ith drull <nrich<d '" th< .h<1I (. drull­
«>ri<l><d .h<II)
C.""...h<1I moO<l ~·ith drull <nri<h<d '" th< rot< (. drull­
«>ri<l><d <0"')

1" ca« of a hom"ll<ro<l' m.,rlx (m<J<l<1 l, Fill"'" l, I<n),
th< drull .. mo~<tltari)'dizp««d ",.. nI)' '" th< l'articl< m.,rlx
Dn111 "'~a« taI:.. pta« by diffu,ion from th< ",Iid lipid
mm", aM addilionall)' by l'l'id lU""""icl< o.wadalion '"
th< llut

ln model , (Fill"'" l, middl<), 11>< drull .. <nrich<d in th<
.h<II. 70.. <a" 1>< <>pwr.<d by a lil'O:! l"""l'iation m«hani.m
occurri"ll duritlll pamc~ prodoction. Ml<, """"'ll<nizOlion,
th<r< .. a mixt"'" of drull roll'l'id", <><h drap~t Il .. th<fl
I><"'ll 0001«1. D<p<OOUlIl on th< TX "'Iubility dÙlgram, th<
l'l'id ca" l""''l'ia", ..ri;', than th< drull to form a drull-fr«
cO« or" I<..t HO« ~·ith r<doc<d dnJll ""n1<flt (TX dÙlgram'
a lwo..:l"""n.ional ll"'I'hicai "'pr«<fllatlon, ~·i1h ,,~""u'"

aM "),>«"",,tioo 000"'''''''''', of th< t<ooaric l'ha« ",10li"",
.h,l' in a b"""Y ')'I1<m). R~h'"ll th< <tit«oc 1<rnJ'<"''"'" ..-.:1
"x,""a"tion, lil'id..-.:l drull pr«ipia", .","",IIa"""".1y '" th<
0ll1<r .h<1I of th< l""icl... Exampl« are ""<fIl)'nl< QI 0 SL~

Th<)' l"".... a ",ft QI~ch 0<l1<r .h<1I .. pro'''" by

atotnic fo"", micro«<ll'Y (AFM) (OUlll"", Lu"'w.", Goota, '"
M~I~" 19\17: Lu"'w"i, Il'''11, OUlll"", K.....,teI, '" Pfi<Il<I,
19\18, Lu"'w"i, Il'''11, K.. ,..,teI, G<hr\;<, '" Pfi'll<I, 19\17)
Dn111 <nri<ltm<nt in th< .h<1I .. alla a fuoction of1l>< "'ILlbi~ty

of 11>< drull "' th< ~-"<r·,urfact..t mixt""''' ""'M",d t<m_
1""""'" durinll th< prodoction 1""".... Th< drull partiall)'
1.. ,"« th< l'l'id paroc~ aOO d"",I\"« '" th< "'tU<Oll. l'ha ..
durinll1>o< hom"ll<nizotion. R.."", fOf thi ... th< incrn«d
"'Iubilrty fOf m..y dnJll' '" th< OU"" l'ha« (.urf><taltl ",1"·
tion) ., <I<\ ...d 1<m)'<'''U''''. Coolinll of th< oi~w"<r

FlGUlE 1 -."'" .....,... "'"' "".. "'... '" ",-," l""'"'""'" ""',,~ ~.'-I
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01>0'.., it ~-.. kMW" from 11>< ln""""", tlw 11>< 'old"' S..-.:Ii",.
mun' <IWI,,,,, ,1>ow«I ŒÙlion, '" 11>< 0001 biool-oilJl>ti,l)'
"'"ll"'ll from 1010 60%. Tt>< «rond Il.... '''''''' prodLJ<t, 11><
mi<ro<mull"" S..-.:IitmlW\' OplO<llll«oooI, .,.-<>id, lh..

"""'ll I-"';";on in b'oo"o'I>I>'lo)'!>Ill »0<...... J>Ol<"ti" ""pl;.
"'1O>.i«1)''' an UM.. _ ,id< <tf<ct du.< 10 pl.."", 1"010' ~-<l1

01>0,.. 1000 "1I.'ml (M<inz«, M~II<" '" VOf\<le«<l><r, 19\II!)
TI>< oim of fonnutatinllo l'y<lo<porin '\·Iooded Sl~' f"","",l..
''''' ~-"1O o"oid 11>< urod.. _ ptaom0l""< and 10 0<1\ ...... 0
,imilort)' hiih "'prodoc.bl< 0001 biool-oil>l>'lit)' in 11>< 1l><np<u.
li< ~·'Mow. Il,,,,,,,, çomb....oo" of1l>< ,",,"0"1Ii« of1l>< 'ola'
SOMimIWO' (00 '''l'hf<llOXi< pl.."", l""<) ..-.:1 11>< -n",."
SOMimIWO' ÜfI1ooo1i~""'1(~ttl< ŒÙlion '" biool-oilJl>ti,l)')
,_Id 1>< o<hi...'«! b)' 11>< Sl~" fonnuw"". TIIr« f"","",l..

t"". ~-<'" u«d '" 11>< '1Lldy: l'y<lo<l"J'in A·IooOed Sl~'

""'l''''Iion, <y<~ ,\ drull oa,.,ctyDi<,..-.:I S..-.:Iitm>.ln'
ÜfI1ooo1i~""'1mi<ro<lWllion .. a t<f<r<nÇ<. Tt>< Sl~' blood
profLl< did 001 "hib'l 11>< uOO«<f<d ptaoma 1"010 aM """",,«1
0"« a .un'Iar lun< l''riod tim< in 11>< th<rap<uti< ~·indo.....
11>< mi<ro<mull"" (Fill"'" J)

Al11>< f"'l11tal>«, it ~-.. ,u'I"Ù"'1l lha! 11>< l'y<lo<porin'\

lU""'U'pctl''''' had ,och a 10... biool-oilJl>i~l)'. Th.... '" <On-­

lra11 10 ""',..... i" bioo"oil>l>itity t<poned for a "umb« of

drull'.1»' 11>< 1ci"'1"" of 11>< <",,",,"n)' l<....,.)'.,,"" (MW"
da)-~ Elan): .. d"""lI<d a""'.., 11>< bioo"oil>l>tiit)' of danazol
""uld 1>< inaeo«d from 1 10 !:1% b)' ""o,f<l'li"ll m< drulllO a

IU""'U'I""''''' (l~..,..idll< '" CUr.d)'. 19\11). Th< "'aIOO' fo<
11>< 10... bioo"aitab'lrty of l')'<lo<porin ,\ """"'')-~lII< miih' 1><
muIHfocto<i". C)"<lo<porin'\ .. a 'UI><I""< of MlI,,,,,,,,,,,";o,
thu, 11>< aI><orption .. ~mil<d a priori. 10 _.lion, it """"'" 1><

<x<ILl<led lh>! 11>< drull ""'O<')-~II" 'lli1r<pl«l '" 11>< pl'
'",inl..tinal fLuid. Il i, kMwo th., IUOOctyl1" aggr<pl"" <an

'lGUo.E' fil""" ,."" .. "'''''''''~ ",-," ""_' ....
"'"""',""~ ,_...~.'~'_""", ( "'''''',
•. >J. """'- c. (200041. """"...... "',.."- """ .•""'_-- ."";'" "' .... ",""",''''' -"" "'" -~, ..
J _ .. iiJ, " 1_1 ,"-e.,,~ ... (20004, _i ;,,"" .... El....·;..,

Ç""I"'i......'_of..........,"'.

--

.,
'"""'"""'....­_ .......;0"""....

ORAL DEll VERY OF DRUGS USII"G lWID
l';AI''OPARTICLES

Th< f"'l drull '""o,~..I)' ,","«tig=d 10 1>< fonnuw«l ..
Sl~' d ..p<n"" ~-.. l')'<lo<porin ,\ (M~ll<," .... 19\II!, 2006,
M~II«, RU"Il<, R.o,..I1~ Th~",""", M<hr.<rt, '" Soo10,
,OO7b, P<t1kI<, "01.• 1999, ,003, RU"Il<, 19\II!). A. m"'tion<d

lUM<mutlioo ",doc« th. dNg wiubilay in 11>< "'1"""'"
f'l\>«, drull tri«'" f<I'Irtition inlO Il>< l'l'id l"'"'''''' I..ding
10 <Mch""'"! in 11>< J"'lk~ .1><11 in ca« th. J'lrticl< co«
oIreodl' Itl""d to wlidify (Fill"" lI. Soch f""licl«.r< <rown
10 l<od 10 • !>U," "'''''.. (M~Il<, ...... 19\11). In th. ca« of
th. onI cyclo><porin'\ f"""ul>lion, Ù\" n. 1 œ<irN .tf.ct
Th. di..olution "'''' ,.,."led 10 Il< ,uffocl<n'Iy hiih 10 ,.."h 11><
th...!","!", drull 1..... 1 !>Ill Ml 100 high 1<1 1",';01 ..phroloxi<
1<,..,1 •. In ca« of o<h« "1'l'liation., it miih' Il< "="'Y 10
l\a,"<. prolOOll<d «l<a« r"""",talion _-hi<h ClI" Il< .chi.....d
by ,atyi"ll Ù\< pro<!IJoct"'" "_itio.,, dwi"ll 11>< f'lrtiçl< pro.
d"",,,,, (, .. M~"" '" M<!u><rt, IWIl). Soch roro:litiom"",
10"" pro<!IJoction "'~...t"'" (l'''fmobly "rold h""""l:",i".
ti",,") lM 10... ,urfoctanl <o.",,,ntntion

Emi<!un<m in 11>< ,1><11 (mod<I,) lolo.. ~taÇ< ~'I><n porti<l..
"" prodoc«l b)' l>ot 1>omoll""U''''' m«ho<l..-.:l 11>< drull u«d
"""'-, 0 d..tir.<ll)'~ lO[ubitt!)' in 11>< "'tLJ<O<l' ,urf"""nl

~Iw<" prodoction 1","""",""'. By <OflltH, 11>< drull-<nricl><d
""''' (mod<l J, Fill"'" 1. riiht) .. form<d in "'« rool"'ll of 11><
l>ot 0,1."- ' ""ullion 1<00:1'10 l"""""I""" of 11>< drull f""l
Th" Il pt><" p«f<r<nti.. 1)' in I",id lOiulion, ~'ith drull d ..•

1O~..d" '" I.ol""""" IOlubilil)' '" 11>< I",id" prodoclion ''''',
p<r"""'. Dwi"ll "'''Ii"ll, 0 ,uP<' I.oluration..-.:l 'U!>«qLJ.<fil
drulll""cip'lItion "" «hi.....d. Th< prolooll«l ",la« of pr<d_
"""Ion< .. "'pl.....d 1»' lh.. mod<l (zur M~"I"" 19\16, ,ur

M~"l<o '" M<hr.<r!, 19\II!)
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rN"'" d"",lulion ,.,. (K«k, Fichtinll«, Vi<rn.«U\, '" M~II«,,00.\, K«k. ,000) ..-.:1 ,u!>«qU<fltly 0<01 bi<>ly.itabiltty
FLlrÙI<rmo«, it might 1>< tlu< tl>< d"",lutioo r'l< of <y<lo<pori"
A frorn tl>< "')"<t>1< n. Ml a< high a< frorn 11>< hl'id lur'II,..ti.
<1... Th. <y<lo<porin ,\ Wa< 10<.,._ ~a<t to • <<rIom
<xt<nl"";" 11>< 00"" .h.1I of1l>< SL~' a< ir.:!i""I<d by 11>< fa<1
«1.... -,,,'00 in in ,-itro «1<....100... (Ru"ll', IWIl)

ln 'UIn, drull 1UOO"'Y,al<, ofi<n «<" a< 11>< utllm.,., uni·
,....... fonwl>tioo _<II fo< pooriy ",Iubl< drull', do Ml
"-0<'< in '"Y <a«. Fo<. "um!><r of drull', it ...",. 10 1>< I><,...r~

ci.. to""" lipoli p««rtt durinll tl>< >b<otption J>ro«<'. Thi,
.. "-.11 in ~m<"t "·ith l'"bl'''''lion. œl<ril>i"ll ÙI' J'O"I~"
.ff.ct of lipid. 00 0001 drull .!><o<ptioo (Chlo"",". ,00».
Chlom,."" .1.• 1997: lIolrn ...... 2002, Porter ...1.• 1_,
P"""" '" <"lw'm>tUl, ,001.). Th<<<fo<<, ÙI' r"'l <!>ok. in
"""""'"Il might 1>< drull IUOO<ry'w., bIll lipid _rti<~.
... 11>< ...."ti.. !»<k up fonnutalioo

MECIlANI$.\1 OF ORAL ABSORPTION ENIIAr-;CEMENT

TtI<r< ... diff'"",1 m<cla"""" dil<u...d th.It leao:I 10'"
>b<orp!ioo "'hlor.<.",."t.ro:! ilio to. "l""doclbl< bi<>ly.i~

>bility (Iinl< """'00" in bi<>lYoitabilily) TI>«< m«lWt"m.-
• i"'<r>I.<II>«~'''''''' of IU",!"","'I.. ,
«prodoclbiltty of >dl>«ioo,.ro:!
." >I><orptioo "'hlor.<inll.ff«r of lipid.

Il i•• Il''''''' prop<rty of lU",!"","'''' Ùlm ÙI.y ....dl><­
.~.. (T.rr '" Y"lrow.'Y. 19I!9). Th< _ ..~.. t>«. of porocl<.
10. ,urf.,,. incr.... witll tl>< ,urf• .,. .... oftl>< p"""'I'" 11><
inl"'ctioo fOf<" """ 1>< <>I<utala! (SI"B, 1991). Th.....
Il''''''1 1><I\lo,-io< of >lI lU"'l"rti<l.., Ml .p.cifL< fo< lipid
lU''''!,''''''''''. Ml<, .<II>«ioo 10 11>< llUI "->lI. 11>< drull i,
""'ctly r<~...d .ol '" pl..,. of '!><O<fM:ioo (l~'«<idg< '"
Cur.dy.I99I)

Th" >d...ioo proc'" 1'""'00 to 1>< ''''Y "l""docib~ ln
,-~-o <ba ol>t~ "·iÙl drull lUOO"'y,w. ."",. th.It ù><r< i.
linl. ,-"';>bil"y I><IW«" 11>< fa<la! ..-.:1 fa! <t.ol. of "".
(liY«<idll' '" COOZ<rlt""'. 1991). Th< ..."... ron.i_ ..
y.. id fo< ÙI' hl'id tunOj>.olli<l... Tl>< low Y>ri.olioo in bi<>lY.i~

>bility ol>«r\'«1 "·ith <y<lo<porin A·""'Qed SL~' ,u'I""'''"
n, .imil.ol to 11>< S.ro:!""""""' Optonoll<'0001 mi<ro<mul<ioo
(Ru"Il',IWIl)

Il i< koown th.It lipid, <... promot. 11>< >b<orp!ioo of >ct~..
rompoot>:!" <x""P"'.r< lipid ",Iub~ Yit.."in. ,och a< yia·
""" A, D, E,..-.:I l' (Ku••i., 19I!7). Th<!>o<Iy >b«i<!>'I1I>< f.ol
..-.:1 .""utl"""".ly 11>< drull .. toi;", uP' it <... 1>< ron.i_ ..
• kit>:! of"Troj... 110....'· .ff«t

Tt>< l'POl >b!<Irl>tioo <nl\""'i"ll.ff«t """ 1>< <Xpl.....d ma«
"'«LH""11y by 11>< ,100'" ptrfonna! by W. Chlormon..-.:l <0-
"-0<\;«< (0'.',,,...,200». Chlonn 199" 1997: Pon« '"
<"lw'm>tUl, ,001.). 1" ,uln, 11>< lipid ~dby.",>m ..
in 11>< llUI ~dinll 10 tl>< f"""""", of .urf"" .ctiY.. m.,...,..ro:!

dill~"«rid« 00 11>< .urf"" of tl>< lipid drofIl<u a: ",Iid lipid
p"oc",. Th«< "."1"",,,, d...<II.oo fonn """.1",. Durinll tl><
œt><lun<flt..-.:l mic<l~ fonninll proc«&, 11>< drull d..",II'OO in
tl>< lipid" 1.1"" up in 11>< mi.,.l~ ("'ILlbiliz<d). Solubili""ioo
.. • w.l~koown pri"",pl. fo< "'Iubility ..wn«m<nt in plu<.
",,,,,uoc"l«hoology. Th< fo><t»<ol """.11.. in1<""t "·ith .ur·
f.œ-octi,.. bil. <>la ('.ll., lOOium <IIota1<) l<IOoli"1l 10 tl><
fonn.olioo of """"I~d "mixa! """.11.. ·· In 11>< 'U!>«q",,"1
>I><o<ption J>ro«<' of 11>< lipid œll"":la!ioo prodoct, 11>< drull i<
.""ula"",,",Iy'!><o<!>ed (Fill"'" 4). Clu<mo".ro:! "",,"-<J<\;<r<

ro<ltc! ."",. tlu< tl>< >b<o<ptioo <nlUn<inll .ff.ct diff«< frorn
00< lipid 10 11>< 0ÙI<r. Fo< .umpl<, it "-a< ol>«r\..d ÙI.ol looll­
<Ja.n "'llly«rioi« (lelo) ... mo« .ff.cti,.. in promot"'ll
>I><o<ption of 11>< dr\lll lu<of,""'n<~ "·iÙl mrdiu""
<Ja.n tlii~"<riO« (Melo) (1'1>00" .1., ,00))

Addit"""'lly. 11>< ~"iÙI of tl>< f.olty ><id <Ja.n. ur.""
tl>< primo'Y pta.,. of >b<orp!ioo. F.tty ><id, "·iÙl C ·14 <!Illin•
" GI! <!aUI. J"û"l"l< Iy"l'hloti< >I>!ofption (P""", '"
C1IlIln'aM, ,001.). Th" .. of in1<",,1 fo< drull' ,och a< 1<'1_
0'1«"""', "·hi<h ui><lergo. 'Iro"ll r"'I_pa<. m<labol"m wh",
tl><y.« _«1 Ùlrough 11>< llUI nll _ pa<''"ll 11>< I~.. ,

l)mplu<'" >b<o<ptioo .,-oid, th" rt<'ll_pa<. m<taI>oli<m '" •
<<ri.." œgr«..-.:I """ 1>< u<al 10 i""", tl>< 0001 >I>!<Ifl>tioo
of 1<.10'1«""'" 0< """"I<f<In< uOO« 1<. A rom""r",.1
fonnutaoon "'plo""'ll th.. <ooœpt" Aro:I<iol' ""p'ul« "·iÙl
1..10'1«""'" W><le<......1< d..",~..d in o~i< ..,id (SIt><'~fool

<t .1., ,00)). O~'" ><id a<. GI! f.olly .cid il iœolly .uil<d a<
<ril rompoot>:! in <'l"ul< •. Th< b".Y.il>bility of I<'ItO'lI<fOO.
UOO«_ .. r<j>O<!a! 10 1>< ).,1" 0.411% indog' (SIt><'~fool
.1 .... ,00)). A•• 'ir.:! of "...,oM Il'''''''lion f"""utalion-'
"·ith ""pro\"a! <II<mi<>l lt>bility. Aro:I<iol T<'ItOCllp<' "-.«
IlIllocl><d Il)' tl>< <""l""), O<p>on. Tt>< '''l',ul.. """ 1>< .tor<d
>t room t""p""'I""" ".l><"", tl>< -rt<'llll"'''''''ioo-' ,..,.,.], to 1><
'tor<d I><low !'C. Aro:I<iol T<lto<'l'" rontom • b_ of 01<1<
.cio:! _ <..lOf <ril (whi<ll m.;or rom"""",t .. tl>< GI! f,"y
.cio:! ri<""I"'" .cio:!) a< <ril <""lI"""'I..-.:I >dditiO<»lIy' .ur·
f''''''"1 tallroll~"olFCC (-propy~"" ll~"ooi mooota"""e)
(S"cl:~fotd.. "., ,00)). Th. Il,,.Yoitabilily r<J'O'l<d i< >l>oot
,.!! " O.!II% (SIt><'~fotd ...1., ,00)). Il """ b. ""'ll,"a!
tlu< 11>< ,urf..,tII>t I><inll P""""I in ÙI" fonwl.olioo "·ill <on-­
tMIll< 0< promO!< tl>< fonn.olioo of mi=! m"'ell... Addinll tl><
.urf''''''"t mo\".. th" f"""utaoo" 10 tl>< dir«tioo of tl>< ..If·
."""I<ifyinll drull œl~..'Y .)-~""'" (SEDDS) (Chlonn... <t ....

199" POOIOO, ,000)
A_ ""po<tI<ll poinl il ÙI.ol fo< reo<ll'"ll 11>< ","x""um

>b<orp!ioo <nlUn<inll.ff«t, 11>< drull,..,.,.]' 10 1>< <1o«1y .. ..,.
","'a! "·ith tl>< l'POl. Il i< "'••ff"'''''t "."", drull ..-.:1 1;p0l .«
lli,.." "l'.ol"1<I)' (a< it luJ1l><n. durinll """",1 fO<l<l intol;• ..-.:I
,,,,,ul""""', drull.dmtIt..tr.olioo) If. «f'>- >dmin..""'ioo
of l'POl .Il><! drull "-orI;.d "·ith .""itar .m<.. """ 11>< ...i<'ll
"-.,. 10 <XP"'" 11>< >b<o<ptioo ..woc"'ll .ff«t "-ootc! 1>< .""u~
t"""". _.,..""lion of. lipOj.fol~d''''l''ul< "·ith drull ina ••
(Olb<i<ll, M<hn<rt, '" M~I~, 1_). Hl.. "",uir«! '"<ry <10«
a<ooci.olion of l;Pid..-.:l druillw 1><", «>liHo! "·ith 11>< thr<.
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1)1'<' of lipO:l _rtk",. Th< dr\ll: CO" Il< ir.co<pomed in
MW'''' 11>< f.,'Y ",0:1 <l.."" 0< 11>< lipid lam.lla (Ru"I:', 1_)
(Fil:"'" 1) 0< .lt<nutiv.1)' Il< pr«<nl" .tnO<fIl>o<l. <kil""" in
imp<rl«oom of 11>< lipid "",..al tan"",. Th< ,un",. "''''..
"""""",,M' "' 11>< I:Ul d"J'<"'< 1",0:1. from food 10 «Iali,..ty f"",
drofI""· n.N diom_ .. 1)Jlicall)' "' 11>< ""1:' of 1_10 lU"
(A!'tl"oOI"Ol <t .... 19%, l'.,,,,,, '" (Of<)'. 1979). ltpid ",,..,.,,.m.
<1« ''l'f<<<nl an ul""n,.,. d"J'<"'ion ~·ith 1)Jlical diom...... of
al>o<ll ,10 Ml (. 0.21~m). Solubiliz.alion CO" ta\;< pla"" ''''Y
fUI .M.ff",""'ty dLJ< 10 11>< la'll' ,un",. or.. ofl1>< ;>arti<l«
ln cal< ••"w" deWadalion .. ""luir<d ('.1:.. fo< prolool:.d
«1....)•• fraction of 11>< 1",0:1 """"1"""'1« CO" Il< .Ulliliz<d
~·ith. high mo""utar ~-<ighl ,,,,ri< .abiliHf ('.1:., Poloum<r)
Il ro<ltcl Il< .I.own tlu< 10 «>m< <xt<"' 11>< ""'"'" of 11>< lipid

FlGUlE' __"'."o"'_A«I"'''''';_''''';'
<L ni... _. (-.,. _ ..",.. ~~. '""",C..,,.,.,. (2007, _i'"
_'..;.. _E1........~

m"';x bIll _"11)' 11>< 1)1'< of <tll>iliur .ff"", 11>< 'I\Z)-"

m.,i< deWadalion '''''«'Y (Otb..i<h, ,001, Otbrich. M<!u><rt, '"
M~II«, 199I!, Ollrich, K.)'...., '" M~Il"', ,000b)

,,,,bilintion of 11>< lipO:l ;>art"'''' ~·ith • mlxlur< of <Odium
<!>ola",..-.:I I"",th", p,on",,,,. 11>< .r.cI>oriItl: of 11>< lipa«-·ço.
Itpa« <00>1'1<>:..-.:1 thu. ""'.1....,.. 11>< dell""""ion (Otll<i<h
<t .1., ,oo,b, Olb..i<h '" M~II«, 1999). Th< u'" of high mo~'"

ulor ~-<ighl <tll>iliz«< ,och .. Poloxam<r 407~, 10. '1«i<
hirodran"" of 11>< an<l>o<i"1: of 11>< <00>1'1<>:, mu. d<tayi"1: 11><
I",id dell""""ion. Il .. al<o J'O<..b~ 10 .djU'l 11>< deWadalion
'''''' b..w.", -fue 'M-'''''''-' b)' u''''1: mlxll"« of deWada­
lion "'''''teratinl: ..-.:1 d<w>dalion d<la)"itll: .abili..... (Otll<i<h
'" M~tl«, 1999)

LARGE·SCAlE PRODUCTION
ln m051 <a«<, «alinl: up of. pro«<' <n<Olln"", prol>~""

TIl" .. diff<f<OI for 11>< pro<!""ion of lipO:l "IOOf'Irtk", b_
on high-pr«'ur< h"""'ll."",alion. cm 11>< <onIra'Y. u''''1:
l"ll" «>~ _h"",. ~od, 10 an ..."" Mt« qu.alrty of 11><
1"00"" ~·ith «ganllO ••ImI'" meon J'lrtk~ .il. and it5
!>o""'ll''''<lY (widIh of 11>< .i.. d"trib<ltion). Bal'" ad\-.nal:'
.. thal high-pr«'"", l>on>oj:."ilalion ... pro<!OCOO" t<cl\niqLJ<
~·id<ty u«<l,' .1:., "' phl",,",,«lI"''' iMUi1r)' fo< 11>< 1"oo""ion
of <mut<ion. for J'lf<n",'" nutrition (Kla"l:, Parna<, '" B<M"
199I!). Iliih-"l"""ur< l>on>oj:",ilation .. al<o u«<l", '"""l'lu<.
m"'«llicalar<u, '.1:., in food pro<!""ion, ~.1><<< !>o""'I:",i.....
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_ ",,,,,inll ~·ith. cal""ity of"l' 10 ......"aI Ion. of hom"ll",i.
zotioo mlum< 1'" hour « .ll., fot hom"ll",iHol mil.)

TYI'i<aI ma<h..... fot tal>-"",I< prodoction _ th< Micron
L\B 4<) (bal<h .il<: ,0-40 mL, ,\PV D<uu<htaM GI>"i>Il) and
11>< A,·..tin Cl (balch .,," 7 mL to 1 l,capa«ty \ Uh, A,..._
tin E""'f'<). In ca« ofl-..y <>:l'''''~''drull' ot if1l><rc ... hm·
ital ,u1'l'Iy «.ll., n<w ch<mi<aI "'Hti..), it il f,,-otaI>l< to
rNoc< the balch .il< (ICalinll down ''''l''biltty). Bal<h .ize
rNoction con 1>< do!>< by u""ll th< A,...tin BJ (A,·..tin
E""'I'<). Th< bateh mlum< il O.~J.' mL

A f"'t '''''l'"ll ul' '!<fi 10 \00 mllO 1 l con 1>< rcaliz<d b)'
u""ll th< cootin""". ,.."ion of th< Mi<ron L\B 4<). Il Ul« 11><
<am< h"""'ll<n"ation IOwer .. 11>< di<con""""". ,·....ion ~·ith

only .Iight modifLcatioo•. E... ntial part. ,och .. cyliro:ler, 1'''­
Ion,..-.:I ll<Om<"'y of 11>< hom"ll",iZllion ,-al,... rc "",,,ti<aI
Th< COOWl""'" ,.....ion .. "'lui1'fl<d ~·ith prodlJCl COOl""""
Th< l'rodlJCl .. flUmfl<d through 11>< ,aI\.. by' nut1"b<f of 1'''­
Ion mOV<"''''Il «.ll., fot _ ml l>omo:Ig"'''alion mlume, 10
~~"'" mOV<"''''Il ~·ith 4<) ml <a<h .rc rcqu<!<d). 1" ca .. of
11>< coot",,,,,,,, l,\B -'0 , ion, 11>< 1>omoll"'iZllion tower.oo
11>< two prodlJCl coot"" _ "'lu,1'fI<d ~·ith I<mfl'<"lur< co",
Irol jacbu. 1" 1I>eot)', on< could "'tarj:< 11>< prodlJCl COOl""""
«·ll·, 10, 'li)' 1>ow"..", th< ma<h...... OOll""'lly 00< dc,igned
10 N" tarj:<r mlume< in COOl"'''''''' mode

Th< ""xt ICaI"'ll ul' 'l<fl ~·ith. min.mum bateh .ize of, 'll
..-.:1 • mu""um of 10 'li ~-.. a<h....·ed u,inll th< L\B 60
(ArV D<uu<htand GI>"i>Il). Th< L\B 60 ha<. hom"ll",izotio"
cal""it)' of 60 Uh

Th< two prodoct conta ....... of 11>< L\B 60 _ "'lu'WCd
~·ith fIO"-erful high-'fI«d .l.mnll un'Il. Th< f<aIinll conta .... ,
ha<. dil",h.. , di<c bIliit '" 10 pr<fI"< 11>< pt<-<twl.ion in it
Fot th< production of. ""ll bateh, th< pt<-<twllion" fI&l«<l
throllgh the hom"ll",izotioo un'l, and 11><" it ci"",I.,.. bac. 10
11>< f«dinll coot""",. Il ... contin""", l>omo:Ig"'''alion pro.
CC" .u 100f'. Il can 1>< cakutaled thal it ta ... 1\ min 10 ""ur<
tha,......"'ti<tically-99.'/% of 11>< drofIl<Il ha,.. 1"'«<1 11><
1>omoll",iZllion ,-al,.. al a.l oncc (l<'.-iton '" rallanlch,
19\9, M~II<" Wil.inll, '" Ra<I"",,'" ,001). Fot.och. rcta­
ti,..1y .mall prodoction mlum< on 'i. it .. Ml .. n.ibl< 10 N"
11>< hom"ll",iZllion ~·ith th< lAB 60 in. di<ront.n""'" 1"0­
CC". Th< "oid mlum< il rclati,..1y larg< (_,\0 mL). RU"""'ll
dl<oontin""". cycl« ~-OIIld 1<".. aboul 10-1\% of th< bateh
..ch ttm< in th< mid mlume b<u\ll oonl>om"ll",iHol. Ru""mll
• l(J.lll batch '" con""""". c'""'"""'ll ""lu""-l more than 90
min 10 ""ur< that 99.9% of th< dr"l'i«' ha'... 1"'«<1 11><
1>omoll",iZllion Pl' al l<Olt """< (le,-iton '" r.lta"lCh, 19\9)
Th<rcfore,' d""""l"'''''''' prodoction il '<rommeMed. Th<
10 "llpt<-<twl.ion .. fl'<fI"<d in 11>< f«d'"ll cootai"", fI&l..d
throllgh 11>< l>omo:Ig<n""'ll unit,.oo 11><" coll<cted in th< «c'
on<! prodoct con",,,,,,. Wh<n th< pr<-<mullion ha< fI&l..d 11><
1>omoll",,,er, il ~·ill 1>< fed bac.< from 11>< ..roM coot""" by
ll"vity via • te"",,""ure-controlled lUI>< to 11>< fI"t conta ....,
Th<" 11>< «co<>:! 1>omoll",iZllion cycl< ''''rt<. 1" ll"""'I, t~-o

1>omoll",iZllion cycl.. al \00 bar.rc fully .uff";"'l 10 y"ld.

rc",,~"1y moood~p«« prodoc~ 11>< total l>omo:Ig<n"ation
t.m< fot 10 "ll .. only ,0 min (10 min 1'" cycl<). A•• Ireody
m"'tion<d, fot otally '_"t<r<d lipid _""'l«, ....'"
on< ''''lll< hom"ll",izotioo cycl< il coo.i_ 10 1>< .ulf"'''nt
ln tlW Cal<, it dot. Ml mal:uny diff""",cc if th< ~articl< .,,<
.. ,60ot nOnm

Th< L\B 60 un" n. d..ign<d fot. pharma<cutical com­
l''n,-. thal .. ~·hy it ca" 1>< u«<l in. GMr _. fot clinical
batch 1"oduction. A, JIOinted 0111 _,.., 11>< l>omo:Ig<n"ation
""ulu olna ....d ~·ith largc--<eal< ""chi,.,., .. tYl'ical1y I><TIer
than ~·ith th< 1..."",1< L\B 4<). Th<r< _ ...... raI rea<on. fot
th..: F"'t of ail, Ir.."fer ofti>< proc«' from ••maller capa«ty
mach .... to. larger capacity ""chi"" .. rc",,~"1yel,,' !><cau..
of th< idcntical ot .imital ll<om<uy of 11>< l>omo:Ig<n"ation
v.h.... S<roMly, 11>< lalller tnach ..... ha'''IWO ot Ùlr« plunll­
.... I<adinll 10 1«. fLoctu.ation in 11>< a<nlal l>omo:Ig<n"ation
pr«'ur<. Th< L\B 4<) ha< onl)-' on< plunll<c. 1I><rcfore, th<
fI'«'ur< """d. 10 bIliO:l up, the f"'l .maIl fraction of th< 1"c-­
<twllioo .. 1«. cff";"'tly hom"ll<nized than th< "",- TIl..
<If<et .. diltiMly rNoced wh<n • hom"ll",iur .. N""inll
~·ith thr« plunll.....moothinll th< fI'«.urc fLlJClu.alion prof.l<
Furth<rnlOrc, 11>< "'''''''''''"''' COOlO}l of th< talller """h.......
moch more <If<eth... Ma<h..... can 1>< ool<rN "lui1'fl<d ~·ith.

t""""",ur< conIroI Utl<! fo, 11>< h"""'ll<n",tioo Utl<! it«lf
Allo, ail rcquir<d lUl>«..-.:I <ontai""" """ 1>< ool<rN _bic-­
wall<d fot t""""""ur< control with. t<mfl'<"tur< controllinll
l''uid. In .ddition, ù>«< l>omo:IJl<n".... _ <qu,1'fI<d ~·ith IWO
hom"ll",izotio" ,-aI\'" in ...n.., ""in (f."t) y.h...00 .....
o<>:! yal"<- Wh<n 11>< hom"ll",iHol drofIl<" 1..", th< fI"t
hom"ll",iz.otio" Yal,.., th<y fIOl..... rc",,~"1y high l ....tic
<I><fJlj-'. Tl>N ,urf.cc might tIO! )"1 1>< fully co,-.rcd ~·ith ,,,,b~

lize,. Th<r<fore, limited c""I«cc"'" can ""'ur. A l''''' of th<
cool<lC<d ot tloccul.,.d dropl<" .. immedia"'ly r<-dilp<r«d
~.h<" th<). fI&l' th< ,ub«qLl<nl hom"ll",izotio" ,-aI\'<. Tl'l'~

cally, th< ..roM ,-al,.. "l""'\« al on< tenth of th< fI'«.ur< of
th< f"'l ,-.h.. , <.ll., \00 bar fo< th< f"'l ,-.h.. and \0 bar fot th<
«co<>:! ,-.h..

Th< ""xt 'l<fl in ""'I<.up ~-.. th< u.. of • G.uli" \.\ (ArV
D<u1lChtand GI>"i>Il) with. h"""'ll"'''alioo c""",ty of 1\0 l"h
(_1\0 "li). Th< pt<-<twllion .. fl'<l'""'d in tarj:er fI'l"Iuct coo­
t"""". ProdlJCl conta ....... and h"""'ll<n"er.r< 1>100<1< from
m.,.rial of pharma<cuticalll"dc. Th< prodlJCl cootai""" can
1>< lt<ril"ed by .!locl.Yinll' fI'<I'''''''ion of the pr<-<twllion
ur.l<, l""'<e"'.. i" il fIOl"bl<. Th<y al", ha'... the f<alur.. of
deln'"ll·i"1'tacc «(Ir)..-.:I «<riI"atioo-,"1'iac< (Sir). Fot th<
prodoctioo,1I>< l'I'id con 1>< _lied in 11>< f<edinll cont,,"cr
Surf."",nt..-.:l 'l<ril< ~~"" frorn. 'l<ril< ~-aler ,u1'l'ly .)-,,,,m
.r< th<n adoi<d. AdYat'lt>i<ou.... lIOt '-ll< ,u1'l'ly 'l',,,,m
l"""idinll'teril< ~-.,., of SO'C, ~·hich" idcal fot 11>< produ..
lioo fI'OC"•. Th.. ny of fI"l"IlJClion lcod•• Ilo 10 • '''''y low
microbiol"llical load. Fot otal admitl"motioo, on< hom"ll"'~

zalioo cycl< with 11>< G...lin \.\ .. ,ulf"'''n,- Th< product ..
coll<ctcd in th< ..roM prodoct con"' .... , ..-.:1 cool<d in •
conIroIl<d ~-O). UMer lt.mno:. A balch.il< of ._t half. too
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ClIn 1>< prodocoo in Opl'f",,,mal<ty J·h ho""'ll<nization tim<
with 11>< G...I., 1.1. Fo< many prodoct<, Ihi. ~ olt<ady 0
typai bal<h ..... Th~ ny of prodoction n. u«<l by 11><
company "Ch<""",h« labo<atorium Dt Richie< Gmbll
(ClR)- in B<riin to prodoc< 11>< f"'l ta'll<-""'~ balch of
~lC'" fo< oo<m<l'" indu,1t)' 10 f<ali", 11>< f"'t oo<m<oc ~lC'"

prodOCIl (M~tl«, R""p~" P«""<n, lIon.."o.. oro:! Sdlw-ab<,
,0070)

Fo< ".." ta'll« <aI«, an A,"«tin EIWI ..F~x C1000
(A,"«tin E""'I"') 0< 0 Ra"".. Il g (ApV D<tit«hlaM Gmbll)
ClIn 1>< <,,",,10)'00. TtIN <'l''<<ty io 1,00012,000 Uh al 11>< 10..­
pt«'ur< ""lu""d fo< iol'id _"iç~ prodoction

ln Ihi. <aI<, it ~ no! ...,..b~ any mot< 10 J"<I"f< 0 '·ton
balch in 0 diooontinL>O<l' ny, i.<., P«pari"ll 11>< ~utoion
in 0 oontain«. Th<!>eIt <xchanll< ti",.. Of< too loolllliyittll0
100 high I<~""uf<!>urd<n on 11>< oct~.. «0<""'''' act~.. 0<

drull). Fo< production lit>« of th.. '''<, Ital'" b~r.le<o.,. ""'.
omm<MOO. Th< drull <ootllittinll m<tla! lipOd i. admix<d in 0.tal'" b~Mer 10 11>< hot ,urf"'tllnlltallil,,« oolution «.ll.,
b~r.le<o frorn Sulz<, C"""l<dl, Wittl«thur, SwilZ<rlarol). Th<
hom"ll",iZ«! prodOCl """d, 10 1>< 000100' 11>< =l'<<''tur<­
oonlfOllOO oont...... w'ili Ih<n 1>< r<fIlaœd by 0 1><ot =olunll'"
10 f<mo,.. al I..-t tnO<l of'h< h<al. Fillur< 6 .how. 0 œ.illn fo<
,och on "",nll.","'t

To .um up, 11>< ta'll« ""ch"",. Of< mo« <ff<cti,.. in dio·
p«<i"IlOrol mof< '''l'h..tal<d f<gaNinll 11><~ f"",ur« to <<Jn.
lfOl th< pro""'. A. 0 ""ult, 11>< product qLalrt)-· ~ in Il'''....
1>«1<, W'h<n moyittll to ta'll« ""'~ ""ch"",.

PRODUCTION OF FINAL ORAL DOSAGE FORM<;

ln prirooip~, 'h< oq"""'" Itpid n"")I'art"'~ ,u't><n."'" <an
1>< u<al .. on 0001 OOull< fonn. U''''ll ''l'timal .ubili"" fo<·
mutation" 0 ph)-.i,," <laIlili1y of up '0 J )...,., !tao 1><",
f<J'O"<d (M~I,",« al., 19\11). Uo.uOd doug< fonn. miiht 1><
<oo,..,,""t fo< ""rWn llfO'lP' of l""'nll «.ll., <hil<!r<n _
<to<,ty 1""'"11). Itow..... ', 11>< doug< f""", of (0"1 <hoi« fo<
d<liY«y Of< dry fonm, tllb"'., ""l'oul«, 0< f..t..:liooolyittil
drull d<1~"«y ')-<1"'" (FDDS) il< th< 0001 <oyi1y. In .on..
<oontri«, """'" Of< 0100 "''''1'100. p<I~1I w·itl\ "'''''l'''''''a!
Sl~'..,.. I><<n produ«d by pittto _ M~II« (1_). Th<
oq"""'" Sl~' di.p«<"" w-.. u«<l .. w-«tinll 'Il"" in th< pr0­

duction J"O"«' of1l>< »<1"". Il 00ll1d 1>< .hown tltal 11>< »<11...
"'~_ th< Sl~" "",,",,~I<ty ond W'ithollt Of '"«Y litll< 'Ill:""
ption. Soch »<1"" ClIn 1>< foIlal ittto ltalU 1l<loti"" ""l',ul« 0<

<an 1>< <on"",..<d 10 'aIll<lI (•.mita, 10 »<1~I.çonwn"'ll ta/>.
1<11 .och .. B<loc ZOK')

Alternllti>..ly, 11>< "'1"""'" Sl~" diop«<"" <an 1>< u«<l ..
granutalioo nuOd in 11>< prodoction )'fOC«' of ubl... 0< 11><

Sl~' """ 1>< 'pray-dried (F""tao, 19\II!, F""tao '" M~I,"" 19\II!)
orol 11>< ol>tlo ined l'''wd<< _ 10 th< ubl<tti"ll """1ur< (Di"""·
C""""",' I<d'lIOlogy) (M~I,"" 19\17). A, m",tioo<d _''',
w'h<n prodocittll 0001 doug< fonm,1I>< Ioodinll <""";ty of <",h
''''ll~ do« ~, 10 1>< oon.idet<d. In <al< 100 moch l'l'Od m...
~ "'qu_ 10 dioool>.. th< ""lu""d drull do«, 11>< <""tp"'ll<
""""'<ory 10 prodlJ« »<11eu 0< tallieu miiht 1<0<1 10 an wU<'''I''·
obI< larg< I"Olum<. In ,och <a«<, it miiht 1>< """,id««! 10
prodlJ« 0 'l',.y..:lried l'''wd<< fo< oooIodmlMIration

......... d
{.... '0"(:1

--"",""'".,

FLüUl.E' _ """ ....... ,,,.......,,..._" of 1_' _,.. ..... "'" "'"'<Oq""..... (<Oq'...., ....""1-' .....-.... "" Il,",
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AMt"" "",,,..tinll al'l'f<'l"h .. th< productioo of FDDS
Th< adh«i,.. J'"'l'«'i« of lipid _artic"" cootd 1><
<xploaal fo, d<1~.. ,)' 10 ÙI< tnO<llh c"'ity. Ir"""l"""'ioo "\10
,LJOCl\ an FDDS ~'oold 1>< "'tam.. ~, 'B,' b)' ,i""l)' I)'ophilizinll
ÙI< lipO:! n"""f"rticl< ,u'1'<",ioo UM<r additioo of~<c'
ti,.. all<rta ,och B ""'oMol "" trffialo«

REGULATORY ASrEOS

0"" of th< ,.)' p",."'qui,it<l f"" inuooociolla ""w t«h­
Mloij' aod ""w proooc" to th< ma_ i. m'<linll "'llula.
tO<)' "'quir<m..", not ooly with "'i"d to .xcipi.." bIlt
ail() qwolifLcatioo and ,'alidatioo of prodoction li"" •. 10
Il.'''''''I. f"" th< prodoction of lipid 1U"'l"~icl<l, ooly
<xeipi.." a<<<pt.d by th< "'llutat""y aUlhOOt'" ar< u",d,
~hich mun, .xcipi"l1 with a GRAS "atu. (FDA Sumo
"""l'of GRAS 1<00«1: http"""'. cf..n.fda.~' ·-rdb'''!''.
ll"' •.html i"'tri<l..d 10101)) "" <xeipi"l1 ~·hicha", al",ady
u",d in prOOOCll on th< pharma<.utical maMI. 10 th< tatt<r
cal<, th<", .xcipi.." "".d to 1>< u",d in th<i, commooly
'l'l'Ii.d, "'llulatOOly ac«pt.d c""""I"'tioo•. If d"tioctly
high<' c""".m"'tioo. a", uO«1, a limit<d toxicity 'IUdy
millht 1>< ""«''''y to pro,.. th< .. f<ly of th< .xcipi.m in
thi. c""""I"'tioo. Ali lipid., .urractaoll, and "abili.."
u",d in th< prodoction of capo,M., )'<11'11, aM tabl<lI cao
lle fully Hploit<d f"" th< prodoction of "",,1 lipid ,u,)'<",
.ioo•. TI><", i. d<f'O'I.ly no ~ck of acc.pt.d .xcipi"lI. 10
_itioo, ail lipid., ,urractaoll, aM pol;",.ric "abili.."
u",d in food ioou"'y can b••mpIO)-..d. 1I0w<l'<r, th<y "".d
a "'lli'l"'tioo fo, pharma«utical PW'flO«'. Or.< cao r<f<r to
ÙI< toxicity dall coll«l.d f"" "'ll~t"'tion .. fooo "" fooo
_iti,... T0 ,um up, a rich lao<ly of .xcipi.." .. ayail·
abl. f"" """Ilipid 1U"'l"~icl<l

AMth<, imJ>O<llol poilu i. ÙI< qwolifl<atioo of prodoctioo
i"". within th< jl<""ra1 qualrty tmlUjl<m<rtt (QM) (M~II<r,

Dioll~" S<lu><i'\'<, '" GoIlla, 'OOJ). TI>< prodoctioo li"".
,..,al to 1>< mad< 001 of mal.tilis aM comJ'O'lM' allowinlla
q.alifl<atioo of th< prodoctioo li"". In _itioo, oth<, QM
oq>< ,och .. ,'alidalioo "".d 10 1>< )'<rf""".d. Ail() ..ch
rompouM of ÙI< li"" """d, to 1>< c","bl. of Yalwtioo
Uof""ulUl<ly, maoy H)'<rim<rtlll prodoctioo li"". 0<\.. 1­
'f"d in acad<mic """a,.,h tal>< ca""" m... th«< crit.ria
Th< prodoctioo 1..... f"" l'I'id lU"'l"rnel« cao 1>< ,'alwt<d,
f"" .xampl<, a clinical balch prodoction UM i. ,,'ailabl.
r-1~1l<" Diolll<r, S<ht><i'\'<, '" GoIlla, ,0(0). A ''''Y iml"""
_ot poiot .. tlu< th< lipid lUOOf'Irtiei. I<choology u"" pro­
d><tioo li"", altudy ..abli.h<d and H"tioll in th<
jtlarma<<utical iooU'I'Y. TI>< ~ulatO<)' acc.pl.d prodoctioo
i"". f"" .mulsioo. can 1>< u",d f"" lipid lU"'f""icl. prodoc.
.00 I><cau", many "" "'ml""'tur<-<ooIroIl<d ao,,,'ay
Th<r<fOf<, it i. »O<,ibl. to u'" th< li"", of par<01.,.1 <mul·
"00' f"" th< prodoctioo of lipid J'Orncl< ,u,)'<n.ioo•. Th<
mil' "d"'dyaollll'-- i. thot a «rtaio min""um balch " .. ~·iII

lle "'quir<d, ~·hich i. 'l'\'=itml<lyhalfa ton

CONCLUSION AND rERSrEOIVES

Th< tht« ditf<r<m 'l"l'" of lipO:! n"""f"rtic_SL1<',
1<LC', aoo LOC"--«1"""'0U prom""'ll tool box f"" th< "",,1
d<1~'<ry of liJ'Ol'hilic bIllaloo h,'d"'l'hilic drt111', «)'<c.. lly (""
hydr"l'hilic drt111' .howinlla r<d~ 'lability in ÙI< llut aM a
Itmit<d b""" ailability LipO:! """l'artic"" Hploit ÙI< aboo<f>­
tioo <nhancinll prop<rn« of lipid., ~·hich a",,..,..' rommonly
uO«l f"" ""'" i"l'fOY<d d<1~-.ry 'Y'I<m1 ..-.:1 oral doui'
fonn •. Lipid IUOOf'Irncl<' fulfoll «""'t ..1 pr<""'Iui"... f""
.n"""'llth. "",ri;.. ~·ith a ""'" f"""utalion. Soch pr<r<qU"'I«
a", 10", 0051 prodoclion, clin""'l ..-.:1 ta'll<--""'l< prodoctioo
facilrti«, ..-.:1 aC<<p1al "alu. of <xetpi<rttl. In COO!nll to Iipo­
1Om«, th<y "" Mt ooly a 10,,· 0051 ','I<m bill 0oןס ph,·.ically
mOf< "abl•. I"",,,,,tinll f"" romm<rcial .xplortalioo .. th.
.xclu,iYity of th. ,'ariou. lipid partiel. t«hool"ll"" th<y ar<
1""'<c1<d by .., ...d pIl<n. "" by p>t<m ai'\'licalioo, in th<
majo' COllOW,. By acqu"itioo of ÙI< SL1<' t<choolOjly by
s,)..rharmo nc in 1999 th< t<ehoolOjly of SL1<' hao """'"
~·hil. <n1<r<d pharma<<utical indu,rty. TI>< "",on<! Il.... ''''ioo
l<ChoolOjly of 1<LC" .. m<an~·hil. pr«<nt 00 th< 005m<tiC
m.....l in mot< thoo ,0 prodOCtl ~·otId ~·id< (M~II<r <1 al.,
1(07). Th< 005m<tiC produ"" l''''Y<d th< f'Bibility of 1<LC'
prod"", in Il'''''aI. Allo larg<--lCaI< prodoctioo 1..... ~.<r.

«tabl"l>ed f"" ÙI«< prod"", in indu,rty ('.ll., R~1er G,mll,
~·w,,·.rimpler.d<), ~·hich <an a!Jo 1>< uO«1 f"" pharma<<utical
prodocu. In 1<0\"<m"" ,007. th< US pharma<<utical c""","oy
BrooI;wood a<qu""d th< ~·""otwid< .xclu,i,.. righa f"" th<
1<LC' t<choolOjly frorn rharm...,11O 1W'n 1<LC" inlO pharm..
c<utical producu. Th< futur< ~·ill .how if th" .. ,"",."ful
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11 Summary of the thesis 

11.1 English 

The overall goal of this work consisted in ameliorating the bioavailability of drugs known for 

their poor hydrosolubility (testosterone) or for their lipidic character (omega-3 fatty acids). 

This was achieved using lipid nanoparticle systems and nanocrystals 

In case of testosterone the work consisted of the development of an oral dosage form with 

superior properties compared to the currently commercially available oral system (Andriol 

Testocaps®). The other part of this work was the design of a lipid nanoparticle-based omega-

3 fatty acid formulation, which, despite the use of cheap fish oil as source of omega-3 fatty 

acids, has low smell and taste properties while nevertheless being stable. 

The development of the oral testosterone drug delivery system was accomplished on the 

basis of lipid nanoparticles technology and also using drug nanocrystal technology. 

In both cases, systems could be developed that met the requirements with regards to drug 

loading (NLC) and stability (NLC and drug nanocrystals). Up to 30 % of testosterone 

undecanoate could be incorporated into the lipid phase of the NLC. Furthermore, the 

production of particles with different lipids, which are supposed to promote lymphatic 

absorption and hence the bioavailability of the hormone. Drug nanocrystals of testosterone 

(T) and testosterone undecanoate (TU) were prepared with a mean size of about 470 nm 

(TU) and 860 nm (T). Also with this system, an enhanced lymphatic absorption was expected. 

The bioavailabilites of the developed NLC based drug delivery systems were all higher than 

the bioavailability of the product on the market when no additional lipid was supplied. This 

gives reason to believe, that the influence of co-administered food on the bioavailability of 

the systems is less pronounced than with Andriol Testocaps®. 

Based on the findings that lipid nanoparticles can improve oral bioavailability, the 

development of an omega-3 fatty acids nanoparticulate system (NLC) out of cheap fish oil 

was a logic step. The oral bioavailability of the omega-3 fatty acids is much higher than the 

one of TU (about 70 %). Through the use of NLC technology, the taste and smell is even 

more reduced. It was rather unexpected that we achieved to have a formulation that 

consisted of 70 % lipid phase (and 30 % water) but still was paste-like and easy to redisperse. 

This makes the use of the paste as an additive in food and beverages possible to better 

supply the patient with essential omega-3 fatty acids. 

Keywords: Drug delivery system, testosterone, pharmacokinetics, nanoparticles, SLN, NLC, 

nanosuspensions 
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11.2 Deutsch 

Das generelle Ziel dieser Arbeit lag in der der Verbesserung der Bioverfügbarkeit von 
Arzneistoffen, die für Ihren schwer wasserlöslichen (Testosteorne) oder lipidartigen 
Charakter (Omega-3 Fettsäuren) bekannt sind. Im Fall von Testosteron gehört dazu das 
Entwickeln einer peroralen Arzneiform, die dem kommerziell verfügbaren, oralen System 
(Andriol Testocaps®) überlegen ist. Ein weiterer Aufgabenbereich war das Design einer auf 
Lipidnanopartikeln basierender Omega-3-Fettsäure-Formulierung, die trotz der Verwendung 
des preiswerten Fischöls als Omega-3-Quelle möglichst geringe Geruchs- und 

Geschmackseffekte aufweist und trotzdem stabil ist. 

Die Entwicklung von oralen Testosteronträgersystemen gelang sowohl auf Basis der 
Lipidnanopartikeltechnologie (hier Nanostructured Lipid Carriers, NLC), als auch auf Basis 
von Nanosuspensionen. 

In beiden Fällen konnten Systeme entwickelt werden, die den Anforderungen in Bezug auf 

Beladung (NLC) und Stabilität (NLC und Nanosuspensionen) entsprachen. Die Herstellung 
von NLC gelang in den gewünschten und für die später durchgeführten in vivo-

Untersuchungen als geeignet erachteten Größen von rund 200 nm und 600 nm. Dabei 
konnten bis zu 30 % Testosteronundecanoat in die Lipidphase eingearbeitet werden. Auch 

gelang die Produktion mit verschiedenen Lipiden, die die lymphatische Absorption und 

damit auch die Bioverfügbarkeit des Hormons erhöhen sollten. Es konnten 
Nanosuspensionen sowohl aus Testosteron (T) als auch aus Testosteronundecanoat (TU) 

hergestellt werden, die im Schnitt ca. 470 nm (TU) und 860 nm (T) groß waren. Auch hier 
kann eine erhöhte Aufnahme des Wirkstoffs durch die Lymphe erwartet worden.  

Die Bioverfügbarkeiten der entwickelten Trägersysteme auf Basis der NLC waren dabei 
durchweg höher als die der kommerziellen Arzneiform, wenn sie ohne zusätzliches Fett 
gegeben wurde. Im Vergleich zum Handelspräparat mit zusätzlicher Fettverabreichung 

waren sie gleichwertig (aber ohne, dass sie mit zusätzlichem Fett verabreicht wurden). Dies 
gibt Anlass zur Annahme, dass der Einfluss der gleichzeitigen Nahrungsaufnahme auf die 

Bioverfügbarkeit weniger ausgeprägt sein kann, als bei Andriol Testocaps®. 

Ausgehend von den gezeigten Ergebnissen, dass Lipidnanopartikel die orale Bioverfügbarkeit 
erhöhen können, war die Entwicklung eines Omega-3-Fettsäuren-Nanopartikelsystems aus 
preisgünstigem Fischöl ein logischer Schritt. Die orale Bioverfügbarkeit von Omega-3-
Fettsäuren ist wesentlich höher als die von TU (ungefähr 70 %). Durch die Verwendung der 
NLC-Technologie wurde der Eigengeruch und -geschmack noch weiter reduziert. Die 
Formulierung hatte einen bemerkenswert hohen Lipidanteil von 70 % und war trotzdem 
noch pastös und gut redispergierbar. Dies ermöglicht die Verwendung als Zusatz in 
Getränken oder Speisen und so die verbesserte Versorgung von Patienten mit essentiellen 

Omega-3-Fettsäuren. 

Schlüsselwörter: Arzenistoffträger, Testosteron, Pharmakokinetik, Nanopartikel, SLN, NLC, 
Nanosuspensionen 
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11.3 Français 

Le but général de ce travail correspond à l’amélioration de la biodisponibilité de principes 
actifs connus pour leur faible biodisponibilité (testostérone) ou pour leur caractère lipidique 
(acides gras oméga 3). Des systèmes nanoparticulaires à base de lipides et des systèmes 
nanocristaux ont été développés notamment dans le cas de la testostérone, afin d’obtenir 
une biodisponibilité supérieure au système oral actuellement commercialisé, Andriol 
Testocaps®.  
L’autre partie de ce travail consistait en la conception d’une formule  d’acides gras omega -3 

dans des nanoparticules lipidiques, susceptibles malgré l’utilisation d’une huile de poisson 
bon marché comme source d’acides gras omega-3, de n’avoir que peu d’effets sur le goût et 

l’odorat tout en s’avérant stable. 
 

Le développement de systèmes oraux à base de testostérone a été possible autant sur la 
base de la technologie des nanoparticules lipidiques (Nanostructured Lipid Carriers, NLC), 

que sur celle des nanocristaux. Dans les deux cas, les systèmes développés ont permis de 
répondre aux exigences en matière d’incorporation (NLC) et de stabilité (NLC et suspensions 

Nano). Les NLC ont permis d’incorporer jusqu’à 30% d’undecanoate de testostérone en 
phase lipidique. La formulation a également été possible avec différents lipides, susceptibles, 

d’augmenter l’absorption lymphatique et de ce fait également la biodisponibilité de 
l’hormone. Les nanocristaux ont pu être produits à partir de la testostérone (T) ainsi que 
d’undecanoate de testostérone (TU), avec des tailles moyennes respectives d’environ 470 
nm (TU) et 860 nm (T). Cette taille particulaire doit permettre une absorption lymphatique 
accrue.  
Les biodisponibilités des systèmes développés à base de NLC, se sont avérées, chez le rat 
Wistar,  toujours plus élevées que la formulation commerciale, quand ils ont été administrés 
sans lipides additionnels ce qui  permet de supposer, que l’influence simultanée de 
l’absorption de nourriture sur la biodisponibilité devrait être moins prononcée qu’elle ne 
l’est pour l’Andriol Testocaps®. 
En partant de ces résultats, à savoir l’augmentation de la biodisponibilité orale avec les 

nanoparticules lipidiques, le développement d’un système de nanoparticules avec les acides 
gras oméga-3 d’huile de poisson bon marché était un pas logique. La biodisponibilité orale 
des acides gras oméga-3 est largement supérieure à celle du TU (environ 70 %). L’utilisation 
de la technologie NLC a ainsi permis la réduction de l’odeur et du goût du produit. La 
formulation avait un pourcentage remarquablement élevé de 70 % en phase lipidique tout 

en restant pâteuse et redispersible. Ceci permet d’envisager son utilisation dans des 
boissons et dans la nutrition ce qui facilitera l’assistance des patients (et donc la 

biodisponibilité) avec les acides gras omega-3 essentiels. 
 

Mots-clés : Vecteurs de médicaments, Testostérone, Pharmacocinétique, Nanoparticules, 
SLN, NLC, nanosuspensions 
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