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1. Preface 
Aim of the work and research objectives 

The work of this thesis was part of the DFG funded trilateral German Israel Palestine 
cooperative research project, an interdisciplinary research cooperation between the Hebrew 
University of Jerusalem, the Palestinian Al-Quds University, the Technion - Israel Institute of 
Technology, the University Bayreuth, and the Martin-Luther-University Halle-Wittenberg.  
The aim of the project was the investigation of electrospun fibers as functional carriers for 
biological agents, including drugs, and specifically the antiprotozoal artemisone. The goal 
was to design, to manufacture and to evaluate suitable drug delivery systems and assess 
electrospun fiber-based structures of cooperation partners with regards to drug delivery.  
The results of these profitable and rewarding cooperations have been made available in five 
peer-reviewed research articles that form the basis of this doctoral thesis. Due to the 
diversity of the cooperation partners and the resulting multifariousness of the explored 
subjects, the research objectives of this thesis cover two different areas of study that are 
presented separately:  
 
Artemisone self-microemulsifying drug delivery system 
A self-emulsifying lipid-based formulation for artemisone, as an alternative to the electrospun 
delivery platforms, was developed for the research groups of Dr. Golenser and Prof. Jaffe of 
the Department of Microbiology and Molecular Genetics at the Hebrew University of 
Jerusalem. Artemisone delivery was then extensively tested in in vivo animal models by the 
author during two research visits to the Hebrew University. 
 
Electrospun polymer fibers  
Parameters governing drug release from three-dimensional electrospun polymer fiber 
sponges produced by the research group of Prof. Greiner at the Macromolecular Chemistry 
Department of the University Bayreuth were studied via non-invasive characterization. 
Experiments were carried out by the author in cooperation with the Department of Nuclear 
Medicine at the University Hospital Halle (Saale).  
To further explore electrospun fibers as functional carriers in drug delivery, a nimodipine 
releasing implant based on electrospun nonwovens was designed for intracranial local drug 
delivery. These fiber mats were then examined for their biological activity in in vitro brain cell 
cultures by the Department of Neurosurgery at the University Hospital Halle (Saale). 
 
The main theme of the thesis can be found in the common goal these diverse systems are 
addressing: exploring novel ways of optimized delivery of small molecule drugs, particularly 
the challenges posed by poorly soluble compounds, such as artemisone and nimodipine.  
Enhanced bioavailability through increased solubility remains a key issue in formulation 
design that has still only partly been addressed. Its great potential to improve therapy, taken 
together with the increasing number of poorly soluble compounds, makes it one of the most 
urgent and relevant fields of study in drug delivery today, to which the author hopes this 
thesis may contribute. 
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2. Introduction 

2.1 Poorly soluble drugs - classification and delivery strategies 
Solubility and permeability have long been identified as key factors for successful drug 
delivery, allowing for sufficient bioavailability and, consequently, therapeutic efficacy 1,2. With 
few exceptions (e.g., nanoparticle formulations 3), a compound must be in solution to 
permeate barriers like the intestinal epithelium, nasal mucosa, or the skin, to enter systemic 
circulation, travel to the relevant target sites, and exert the desired response. Sufficient 
lipophilicity as a prerequisite for high permeability often conflicts with the aqueous solubility 
required by various bodily fluids such as blood, tear film, and digestive fluids 4. Depending on 
the drug’s characteristics, either permeation or dissolution can act as the rate-limiting factor 
for absorption 1,2,4. 
For oral drug delivery via immediate-release formulations, the Biopharmaceutical 
Classification System [BCS] proposed by Amidon et al. 1 suggests a correlation of in vitro 
dissolution and in vivo bioavailability. By classing a molecule according to its aqueous 
solubility and intestinal permeability, the BCS allows to predict which factor is mainly 
controlling drug uptake (Figure 1) 5.  
 
 

 

Figure 1. The Biopharmaceutical Classification System as described by Amidon et al. in 1995 1. 
Modified from Dahan et al. 6 according to U.S. Food and Drug Administration [FDA] Guidelines 5. The 
permeability is to be ascertained via a mass balance determination or in comparison to an intravenous 
reference dose. For regulatory purposes, the BCS is only applied to immediate oral release systems. 

 

It goes without saying that solubility, dissolution rate, and permeability also affect the non-
oral routes of drug delivery. E.g., poor solubility can hinder the infusion of drugs if the needed 
volume for dissolution exceeds the amount that could be safely administered. Similarly, 
intranasal or ocular delivery is often only possible if a compound can be dissolved in the 
small amount of fluid that can be applied via those routes 7. Sufficient permeation is also the 
key to transdermal therapeutic systems that deliver the drug via an area of only a few cm². 
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However, until now, no widely accepted, comprehensive classification system has been 
established for parenteral or slow-release oral dosage forms. The categorization of a drug 
within the BCS thus still provides valuable information on its in vivo performance via these 
forms of delivery systems. 
Over the last decades, combinatorial chemistry and computational drug design, combined 
with high-throughput screening and the focus on lipophilic targets, has led to more and more 
compounds of poor aqueous solubility entering the first discovery phase as potential drug 
candidates 4,8,9. It is estimated that up to 90 % of new pharmaceutical entities are poorly 
soluble according to their BCS classification, with 60 – 70 % of them belonging to the BCS 
class II 8. Insufficient solubility significantly raises the cost of drug development and the 
likelihood of ultimate failure of a drug candidate. Therefore, in recent years, the 
pharmaceutical industry has started to pay more attention to solubility issues, including 
solubility prediction and screening methods early on in the drug discovery process 9,10. 
For BCS class I compounds, sufficient absorption can be expected. To achieve adequate 
bioavailability for classes III and IV, Pouton recommends changes to the molecular structure 
during lead optimization 11. For class II compounds, the appropriate formulation approach 
can ensure good absorption because these molecules possess inherent good permeability. 
Consequently, formulation scientists are essential for the development of these drugs.  
To better assess the actual developability of new molecules, a variation of the BCS system 
has been introduced, categorizing drugs according to factors limiting their oral absorption: 
the Developability Classification System [DCS] 2. It is more closely oriented on the specific 
conditions in the small intestine as the main area for drug absorption, allowing better 
prediction of the crucial factors for the in vivo performance. The DCS also makes a more 
differentiated assessment of the considerably large class of BSC II compounds (Figure 2). 
 

DCS class IIa - dissolution-rate limited 

− Complete absorption from standard solid oral 
dosage forms containing crystalline drugs is 
possible due to a compensatory effect of the 
high permeability.  

− Adjustment of particle size, surface area, and 
wettability to increase dissolution rate is 
sufficient to obtain complete absorption. 

 

DCS class IIb -  solubility limited 

− For sufficient bioavailability, the drug needs to 
be in solution when administered.  

− A suitable solubility enhancing formulation is 
indispensable to achieve complete 
absorption. 

Figure 2. The Developability Classification System, modified from 2.  
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For DCS class IIa drugs, a target drug particle size can be calculated. Below that, the 
dissolution rate is high enough to allow the administration of the solubility limited absorbable 
dose as crystalline drug in simple, immediate release oral drug delivery systems [DDS].  
Contrarily, the DCS class IIb provides the formulation scientist with the greatest challenge, 
requiring appropriate formulation design to ensure drug solubility and consequent 
bioavailability. Ideally, so-called enabling formulations (formulations that make poorly soluble 
drugs bio-available) 12 are developed alongside the drug molecule 8,10. But the design of such 
delivery systems also offers significant potential to improve therapy with already established 
and marketed compounds.  
The main formulation-based approaches, containing the drug in solution or the amorphous 
form, are summarized in Table 1 (not including nanocrystals and liposomes). These 
approaches too are also relevant not only for oral but also for parenteral application and 
controlled release oral formulations. 
 

Table 1. Solubility enhancing formulation approaches and mechanisms with examples of marketed 
products 8,10,12–14. 

Formulation principle Mechanisms Marketed DDS  

Non-aqueous pharmaceutical 
solvents  

Increased solubility in non-
aqueous solvent  

Nymalize® 15 

Co-solvency and 
solubilization with surfactants 

Solubilization/micellization Taxol® 16 

Lipid-based DDS 
• Liquid or solid solutions 
• (Micro/Nano-)Emulsions  
• Self-emulsifying DDS 

[SEDDS]  
• Solid lipid nanoparticles 

 
Solution in lipid excipients;  
Solubilization after lipid digestion; 
SEDDS: formation of 
(micro/nano)emulsion upon 
mixing with bodily fluids 

 
Avodart® 
Diprivan® 
Neoral® 

 
17 
18 
19 

Solid solution/amorphous 
solid dispersions 

• Spray drying 
• Hot-melt extrusion 
• Electrospinning 
• Polymeric 

micro/nanoparticles 

 
 
Molecularly dispersed or 
amorphous drug in a (polymer) 
matrix; 
Increased Gibbs free energy 
results in enhanced apparent 
solubility and supersaturation 

 
 
Intelence® 
Kaletra® 
 

 
 
20 
21 
  
 
 
 

Cyclodextrin complexation 
 

Solubilization of drug as inclusion 
complex in lipophilic cavity of 
cyclodextrin 

Sporanox® 22 

Mesoporous silica carriers Molecularly dispersed or 
amorphous drug within the 
mesoporous silica carrier network 

Not available yet  
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The suitability of a specific formulation technique is greatly determined by the drug’s 
physicochemical properties (Log P, Tm, pKa, salt formation) and stability 10. As discussed in 
depth by Ditzinger et al. 13, both hydrophobicity (Tm, crystal lattice energy) and lipophilicity 
(Log P) of the compound need to be considered for a complete understanding of its solubility 
characteristics. Only then can the rational design of a suitable carrier for the individual drug 
be successful. 
However, solubility enhancing formulations can also come with a range of specific challenges 
that need to be addressed in the formulation design approach: 
 

• An uncontrolled increase in dissolution rate will affect tmax and cmax. As a result, toxic 
peak serum concentrations through fast and more complete absorption are 
possible 11. For controlled release formulations, a careful balancing of enhanced drug 
availability and prevention of an excessive burst release will be necessary to achieve 
the desired release profile and avoid toxicity. 

• Monitoring drug stability is crucial as degradation, hydrolysis, and oxidation are more 
likely to occur if a compound is already in solution. This is particularly common for 
aqueous systems or lipid-based DDS that contain unsaturated fatty acids and 
polyethylene glycol [PEG] moieties. Stability must be assured over a reasonable 
temperature range to guarantee acceptable storage conditions, simple distribution, 
and global use in different climatic stability zones. 

• For solid dispersions and metastable amorphous materials, the recrystallization of the 
components during the product’s shelf-life needs to be ruled out as resulting changes 
in the release profile will have major implications on patient safety 11. 

• Excellent solubility in the carrier can lead to incomplete drug release due to 
partitioning effects. Solubilization in carrier structures might reduce drug permeation 
compared to free molecularly dissolved drug 12. 

• Supersaturation of the drug solution after administration through increased apparent 
solubility is prone to instability and uncontrolled recrystallization.  

• Dissolution and absorption processes are always more complex and unpredictable in 
vivo than in any in vitro assay. Depending on the DDS, it can be determined by a 
complex interplay of factors such as residence time (e.g., gastric emptying, 
mucociliary clearance), supersaturation/recrystallization tendency, food effects 
(digestion, solubilization in bile salt micelles and lymphatic transport), and 
biodegradability of excipients. Even if a successful formulation can bring the solubility 
of a BSC class II or IV drug up to that of a class I compound, the bio-fate of the drug 
molecule is still determined by its physicochemical properties.  
 

If the requirements of limited solubility compounds are appropriately addressed through 
careful formulation development, the patient benefits greatly from safer, more effective drug 
therapy (Figure 3). Further research on the formulation of such delivery systems is 
necessary to make new drug candidates accessible but also facilitate the use and expand 
the range of application of already known compounds. 
The reformulation and repurposing of already marketed drugs also hold several attractions 
for the pharmaceutical companies. Besides the considerably lower development costs 
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compared to de novo drug development, patent life-cycle extension can also be granted for 
novel solubility and bioavailability enhancing DDS 23. That driving force for drug delivery 
research and development is thus in the interest of both the patient and the industries.  
 

 
Figure 3. Optimized drug therapy through solubility enhancing formulations. Arrows indicate an 
increase () or decrease ()  of a parameter. 

 

This work explores two different formulation approaches for the BCS class II drugs 
nimodipine and artemisone that both pose the additional challenge of poor stability. The two 
molecules possess untouched potential for their repurposing beyond the initial indication, for 
which additional suitable DDS, optimizing delivery and stability, are needed. 
For artemisone, a lipid-based self-microemulsifying delivery system is developed to increase 
oral drug availability. Electrospinning is examined for local intracranial delivery of nimodipine. 
As a combination of electrospinning and lipid DDS, electrospun fiber sponges are assessed 
for their in vitro performance and drug loading with oily drug solutions. 
A short introduction to the applied formulation techniques and relevant properties of the 
corresponding drugs is given in the following sections. 
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2.2 Self-microemulsifying systems for drug delivery 
Lipid-based formulations and the Lipid Formulation Classification System 
Self-microemulsifying drug delivery systems [SMEDDS] belong to the class of lipid-based 
formulations [LBF].  
The LBF’ essential principle as solubility enhancing formulations is their ability to keep poorly 
soluble drugs in solution or solubilized after administration 24. The main excipients in those 
DDS are triglycerides or partial glycerides, lipophilic or hydrophilic surfactants, co-
surfactants, and water-soluble co-solvents 24. Most of these excipients are food substances - 
categorized as Generally Recognized As Safe [GRAS] by the FDA - or derived from those, 
minimizing the potential toxicity of the LBF and generally ensuring good tolerability. 
Lipid-based formulation principles range from simple oily solutions and coarse emulsions to 
complex, ordered liquid crystalline structures. LBF come in a variety of very different dosage 
forms, including creams and ointments, fixed-dose oral DDS like lipid matrix tables and 
liquid-filled gelatine capsules as well as solid lipid nanoparticles.  
A Lipid Formulation Classification System [LFCS] was established by Pouton in 1999 (Table 
2) 25 to help predict lipid DDS´ performance based on their composition. The ability to self-
emulsify, the potential loss of components through dissolution in water after administration, 
and their digestibility by lipases are the main classification criteria 25.  
 
Table 2. The Lipid Formulation Classification System as suggested by Pouton. Modified from 11,25. 
*[HLB] hydrophilic lipophilic balance 

Increasing hydrophilic content  

Excipients in formulation Content in formulation (wt. %) 

 Type I Type II Type IIIA Type IIIB Type IV 

 Oil SEDDS SEDDS/ 
SMEDDS 

SMEDDS Lipid-
free 

Oils: Triglycerides or mixed 
mono/diglycerides 

100 40-80 40-80 <20 - 

Water-insoluble surfactants (HLB* <12) - 20-60 - - 0-20 

Water-soluble surfactants (HLB >12)  - - 20-40 20-50 30-80 

Hydrophilic co-solvents - - 0-40 20-50 0-50 

Typical particle size of dispersion (nm) Coarse 250-
2000 

100-250 100-50 Micelles 
(7-20) 

 

If taken orally, tri- and partial glycerides can be digested by the pancreatic lipases in the 
human gastrointestinal tract [GIT], leading to the inclusion of the resulting fatty acids and 
monoglycerides - and possibly solubilization of the drug - in the bile salt mixed micelles. 
Therefore, the consequent increase in drug uptake is highly food-dependent 11,24. 
While drugs with a Log P > 4 are often more likely to be soluble in LFCS Type I DDS, the 
increasing hydrophilic content in LFCS Type III formulations is more suitable for compounds 
with a Log P between 2 and 4 24. Less lipophilic hydrophobic drugs can be best solubilized in 
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LFCS Type IV systems. Savla et al. 26 found that in 2017 55 % of 27 FDA-approved LBF 
were carriers for DCS class IIb compounds, underlining their importance as solubility 
enhancing DDS. In any case, sufficient interactions of the drug with lipid excipients are a 
prerequisite to develop lipid-based DDS. 
Due to a large number of excipients of often varying composition (e.g., differences in the 
amount of saturation, degree of esterification and chain length of PEG and fatty acid moieties 
between batches and suppliers), and the countless different structures that can be formed by 
lipid systems, formulation of LBF is in large parts still based on an empirical approach.  
 
SMEDDS and microemulsions 
SMEDDS are lipid mixtures usually comprised of oil, surfactants, co-surfactants, and co-
solvents. Upon contact with aqueous media, the SMEDDS spontaneously disperse into 
structures in the range of several 10 to a few 100 nm. The resulting microemulsions [ME] are 
optically isotropic, clear or translucent, and thermodynamically stable liquids of varying 
viscosity. Though they possess distinct lipophilic and aqueous structures, they are usually 
referred to as single-phase systems or “critical solutions” 27.  
Driving force behind the spontaneous self-microemulsification and thermodynamic stability of 
ME are the significant increase in entropy ΔS through dispersion, accompanied by very low 
surface energy γ. This leads to negative free energy ΔGs of formation, outweighing the 
dramatic increase in surface area ΔA (Equation 1, T = temperature).  
 
ΔGs = γ ΔA – T ΔS (Equation 1.) 
 
The use of a mix of surfactants with co-surfactant and/or co-solvent contributes to increased 
entropy and reduced surface energy, increasing the surfactant layer at the lipid-aqueous 
phase interface.  
 

 
Figure 4. Types of microemulsions depending on the water volume fraction ϕw. Oil in water (o/w) and 
water in oil (w/o) ME can be seen as swollen micellar systems formed from oil or water-loaded 
micelles/reverse micelles of varying shapes. In bicontinuous ME, lipid and aqueous phases (both 
continuous) are stabilized by a surfactant-packed interface of zero net curvature 28. Gray: oil; white: 
water. Modified  from 29. 
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Depending on the composition and water volume fraction ϕw, microemulsions are comprised 
of densely packed swollen micelles/reverse micelles (or microemulsion droplets, depending 
on the preferred terminology) or a bicontinuous structure with no distinct inner or outer phase 
(Figure 4) 28. Though this categorization is obviously a simplification due to the large number 
of different structures that can be formed in these complex mixtures, it is generally applied 
and has overall proven to be useful. In addition, ME have to be understood as highly 
dynamic systems. 
In drug delivery, SMEDDS are the water-free pre-formulations of ME. For oral SMEDDS, the 
aqeous dispersion media involved in the formation of the ME are usually gastrointestinal 
fluids, while gastrointestinal motion accelerates the self-microemulsification process. 
 
SMEDDS as drug delivery systems 
SMEDDS can facilitate drug bioavailability based on their good solvent capacity for a wide 
variety of compounds. For lipid/surfactant mixtures, the solubility of a drug is the weighted 
average of the solubility values in the individual components 30,31. Thus, the good solubility of 
lipophilic molecules in SMEDDS depends on their good solubility in lipid excipients. However, 
for ME, solubility can additionally be increased by interfacial/surface properties which can 
create additional domains for drug solubilisation 31 that may contribute to drug dissolution 
upon ME formation from SMEDDS. But drug solubility can also be reduced upon dispersion 
due to the water solubility of the majority of the excipients 11. Therefore, attention must be 
paid to the continued dissolution of the drug upon administration, possible metastable 
supersaturation, and consequent uncontrolled crystallization 11.  
For oral administration, drug absorption from SMEDDS is much less dependent on digestion 
then from other LBF 25, resulting in a more uniform bioavailability. The most prominent 
example of this are the DDS for Cyclosporine A. While a distinct food effect was observed for 
the coarse emulsion formed from the mainly oil based Sandimmune®, lipid digestion is not 
necessary to absorb the drug from the SMEDDS Neoral® 32,33.  
ME are thought to protect drugs from possible enzymatic degradation 34,35. Similarly, for 
compounds with poor aqueous or pH-dependent stability, the inclusion of drugs in the lipid 
domains of the forming ME might also increase stability in the GIT 36.  
Besides solubility enhancement, SMEDDS and ME can also increase drug absorption by 
enhanced penetration, especially for topically applied systems. The flexible surfactant film at 
the lipid/aqueous interface can facilitate drug diffusion into the tissue. Additionally, many of 
the excipients used in ME can affect the skin barrier and are inherent permeation enhancers, 
as comprehensively reviewed in 37. 
As water-free systems, SMEDDS provide good storage stability and consequent self-life. 
Manufacturing is comparatively easy, mostly only requiring simple mixing of the components. 
Most excipients have long been established and possess excellent tolerability, simplifying 
regulatory concerns. However, to date, only a very limited number of SMEDDS are available 
for several prescription drugs, marketed in the form of liquid-filled capsules or oral solutions. 
Examples are given in Table 3.  
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Table 3. Examples of marketed SMEDDS.  

Trade name Drug BSC/DCS  Dosage forms Excipients for SMEDDS-formation  

Neoral® 
(Pfizer) 

Cyclosporine 
A 

II / IIb Oral solution / 
Liquid filled soft 
gelatine capsule 

Corn oil mono/diglycerides 
Polyoxyl 40 hydrogenated castor oil  
Ethanol 
PEG 
 

19 

Norvir® 
(Abbvie) 
 

Ritonavir IV/ IIb Liquid filled soft 
gelatine capsule 

Oleic acid  
Polyoxyl 35 castor oil 
Ethanol  
 

38 

Aptivus® 
(Boehringer) 

Ritonavir IV/ IIb Liquid filled soft 
gelatine capsule 

Mono/diglycerides of caprylic/capric 
acid 
Polyoxyl 35 castor oil  
Ethanol  
PEG 

39 

 
 
Considering their good tolerability, versatility, and their potential as enabling formulation for 
the increasing number of poorly soluble drug candidates, the introduction of more SMEDDS 
for a range of different compounds can be expected in the future. 
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2.3 Electrospun polymer fibers 
Electrospinning is a simple, cost-effective, and easily adaptable approach for the fabrication 
of continuous ultrafine fibers from a wide variety of different polymer materials.  In 1887 Boys 
first reported a form of melt electrospinning a, the formation of “perfectly uniform cylindrical 
thread “and a “delicate […] shade produced by innumerable fibres separately almost 
invisible”  with the help of an electrical field 40. The actual term “electrospinning” was first 
introduced by Doshi and Renecker in 1993 41. Since then, the method has gained increasing 
interest in various fields of academic research, with publications rising from 3 in 1995 to 
around 2,420 in 2020 b 42.  
 
The electrospinning process 
During electrospinning, an electrical field is applied to a polymer fluid - a melt, solution, or 
dispersion - between the outlet of the polymer fluid reservoir and a grounded collector 
(Figure 5). The charges thereby induced on the surface of the fluid increase with the 
electrical field until repulsion forces overcome surface tension. The fluid then forms a conical 
shape, known as a Taylor cone, and as the applied high voltage reaches a critical value, a jet 
is ejected from the fluid cone 43–45. On its way towards the collector, jet instabilities lead to a 
drastic reduction in diameter through bending, whipping, stretching, and sometimes splaying 
of the jet with cooling/evaporation of the solvent taking place simultaneously 46,47. As a result, 
hardened/dry fibers with a diameter in the range of nm to several µm, conventionally termed 
nanofibers, are deposited on the collector. If collected after random fiber deposition, the 
resulting fleece mats and structures are referred to as electrospun non-wovens (Figure 6). 
 
 

 

 
Figure 5. Schematic representation of an electrospinning setup. This basic principle is realized in 
various electrospinning apparatuses, small laboratory setups as used in this work, and industrial large-
scale needleless spinnerets 48. The arrow indicates the polymer solution jet ejecting from the Taylor 
cone.   

 
a Though he referred to it as “old, but now apparently little-known experiment of electrical spinning”  40. 
b Google scholar, Sept. 23 2021: electrospinning OR electrospun OR “electro spinning” in the title of 
the document, no patents or citations included 
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For further adjustment of the nanofiber mats' properties and functions, various additional 
treatments such as crosslinking on the molecular level 49,50 or coating 51 may be applied. 
Most electrospun structures are fabricated via simple blend electrospinning, i.e., from a 
single solution/melt of a polymer or a polymer blend with active compounds dissolved in the 
spinning solution. Through a coaxial/multiaxial set-up or emulsion electrospinning the 
formation of core-shell fibers can be achieved, permitting the incorporation of liquids 52 and 
un-spinnable or sensitive material, such as enzymes or cells 53–57, inside a protective outer 
layer. Core-shell fibers are not part of this work and are, therefore, not further considered in 
the following text. 
On the molecular level, the formation of fibers in electrospinning is dependent on the 
presence of a deformable, long-range polymer network. This prevents the break-up of the jet 
into droplets due to Raleigh instability and shear stress during stretching and thinning of the 
developing fiber. Sufficient polymer molecular weight [Mw] or chain length, concentration as 
well as solvent properties are crucial for a sufficient chain entanglement and thus the 
development of such a stable network 58.  The relationship between other relevant process 
parameters (polymer characteristics, ambient conditions, equipment, physicochemical 
properties of the spinning fluid) and the properties of the obtained fiber mats is less distinct 
and straightforward due to their large number and complex interdependence 59–63. Therefore, 
process development and optimization in electrospinning are still based mainly on an 
empirical approach. 
 

 
Figure 6. Electrospun non-wovens; (A) fiber mat; (B) and (C) scanning electron microscopic [SEM] 
images of electrospun polymer fiber mat. 
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Non-woven polymer fibers as drug delivery systems 
For drug delivery, electrospun fibers combine the advantages of micro- and nanosized 
materials with the easy handling of monolithic systems. They provide structures in the nm to 
µm range with an extremely high surface-area to volume ratio (estimates in the range of 
several m² per g or cm³ 64,65) without the need to address aggregation, sufficient dispersion, 
and suspension media, key challenges for disperse systems such as nano- and 
microparticles. Additionally, excellent drug encapsulation efficiency can be achieved through 
electrospinning, thus minimizing the wastage of valuable drug substances. 
One of the most significant challenges for the use of electrospun materials in drug delivery 
remains the control of the drug release profile, as extensively reviewed in 66.  
The main parameters controlling drug release from electrospun non-wovens can - in a fairly 
simplified categorization - be attributed to: 
 
(a) Fiber geometry and dimensions 
Large surface area and small fiber diameters can increase dissolution rate compared to 
monolithic systems like solvent cast films 67,68. The large polymer/fluid interface of the fiber 
scaffolds accelerates liquid penetration, polymer dissolution or swelling, and pore formation, 
thereby increasing the dissolution rate and drug release 67,69,70. If drug crystallization occurs, 
the formed crystals are usually only in the range of several nm to µm due to the rapid 
drying/cooling of the spinning solution and the restriction through the small fiber diameter. 
 
(b) State of drug and polymer matrix. 
In blend electrospinning, drug solubility and concentration, drug/polymer compatibility, and 
solvent polarity and evaporation rate are key parameters. They each greatly influence drug 
distribution throughout the fibers, the formation of amorphous solid dispersions or 
crystallization of the drug/polymer components during fiber formation, and the consequent 
dissolution rate and apparent solubility of the electrospun drug 68,69,71,72. In most settings, the 
rapid drying or cooling process during electrospinning favors the “freezing” of the electrospun 
fluid in the state of an amorphous solid dispersion 73. Still, crystallization of compound inside 
or on the fiber surface is also possible 71,72.  
 
For BCS class II and IV compounds, the formation of a solid solution or amorphous 
dispersions in the polymer can be employed as a dissolution rate and solubility enhancing 
formulation approach. But overly increased dissolution rate and solubility may also 
inadvertently lead to burst release, the immediate, unintentional and uncontrolled, almost 
complete drug liberation. Usually caused by drug-polymer incompatibility, burst release is a 
major drawback of electrospun DDS 71,72,74. Carefully controlling the interplay of poor drug 
solubility and high affinity to the fiber material can be employed to obtain a more sustained 
release from electrospun fibers, despite their very small diameter and short diffusion 
length 75.  
However, in many cases, the fiber dimensions seem to be the all-dominant release 
governing factor, leading to a fast drug liberation, independent of the EPF composition 75. 
Consequently, constant drug release over several weeks from electrospun fibers 
manufactured via simple blend electrospinning has rarely been accomplished. Some reports 
in literature claim release over several weeks to month 76–79. But no detailed investigations of 
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the controlling parameters are given, and in some cases, sufficient drugs solubility in the 
release medium seems not to have been appropriately considered.  
 
Most electrospun materials are collected as highly porous, flexible fleece mats and are 
consequently mainly suitable for DDS in the form of patches, small flat disks, or drug-loaded 
wound dressings. Due to their low density and weight, they are best suited for delivering 
drugs with high potency and consequently low required doses. Local drug delivery, either to 
a particular tissue or compartment where comparatively small amounts of drug are needed, 
can be more easily achieved than systemic treatment.  
To overcome the limits of the sheet-like geometry of the electrospun non-wovens, three-
dimensional electrospun systems have been explored.  While most of these scaffolds are 
designed for tissue engineering applications 80, Duan et al. proposed macroporous 
electrospun polymer fiber sponges as drug carriers 81,82. A prolonged release was observed 
for sponges with higher density, suggesting that 3D electrospun structures present an 
additional way to control drug release from nanofiber-based systems, possibly through the 
rate of liquid penetration into the pores of the carrier scaffold and impeded diffusion.  
 
As an enabling formulation approach, electrospinning can be seen as akin to spray drying 
and hot-melt extrusion - thought, for solvent electrospinning, without the high temperatures 
often imposed during those techniques. Similar, amorphous solid dispersions can be 
attained. For various possible applications, electrospun nonwovens, unlike extrudates and 
spray-dried powders, do not need extensive further processing.  
Drug stabilization and increase in dissolution and solubility via electrospinning are effective, 
simple, and have shown to scale up for industrial production 83,84. Electrospinning, therefore, 
provides another valuable approach to the fabrication of solubility-increasing drug delivery 
systems. A multitude of proposed electrospun DDS for local and systemic delivery successful 
in in vivo animal models can be found in literature 85–90.  
But the extensive translation from research settings to commercially marketed electrospun 
products is still in the early stages. Over the last two decades, suppliers of electrospinning 
equipment started offering large-scale spinnerets with an output of up to 5 kg per day or 
20 million m² per year 83,91,92. Today, small to medium-sized electrospinning companies offer 
process development and contract manufacturing for research and commercial 
applications 93–95. However, drug delivery systems based on electrospun fibers are still 
missing from among the marketed therapeutic systems.  
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2.4 Artemisone 
Artemisinin drugs – areas of application and relevance 
Artemisone [ART] (Structure 1) is a comparatively recent second-generation derivative of 
artemisinin, belonging to the most effective and fast-acting class of antimalarial drugs 
currently available. The artemisinins are crucial in the global fight against malaria, a 
protozoan disease caused by Plasmodium species. In 2020 alone, malaria led to over 
200 million infections and 409,000 deaths (mainly in young children under the age of five) 96. 
Malaria is also responsible for economic losses of over 12 billion US $ each year, primarily 
affecting some of the poorest countries in the world 97. Artemisinin, the parent compound of 
the artemisinins, is a sesquiterpene lactone initially found in Artemisia annua L, a type of 
wormwood used in traditional Chinese medicine. Its commercially available derivatives - 
artesunate, artemether, and dihydroartemisinin - are recommended by the World Health 
Organization [WHO] as the first-line treatment of malaria and are included in the WHO list of 
essential medicines 98,99  
However, only intravenous or intramuscular artesunate and artemether are available in the 
case of the fast-progressing, often fatal severe and cerebral malaria. Stable, easy-to-
administer dosage forms (e.g., for oral, intranasal, transdermal delivery) for immediate 
treatment could bring much-needed therapy to large parts of the afflicted population in 
underdeveloped rural areas where professional health care is not immediately available. 
Moreover, with growing resistance to the currently marketed artemisinins reported for 
Plasmodium strains in  Southeast Asia 100–102, new and more effective artemisinin derivatives 
and dosing regimens, to which the plasmodia are still susceptible, are fast becoming 
indispensable.  
Their redox-driven effect also makes artemisinins a potential drug class for treating a variety 
of very different diseases other than malaria 103–105. The artemisinins and artemisone in 
particular are also being investigated for their use in cancer therapy - especially 
melanoma 106,107, against different forms of leishmaniosis 108, cutaneous tuberculosis 109, 
protozoal bovine diseases 110,111, and the human cytomegalovirus 112. 
It was speculated that artemisinins are also active in schistosomes, like in plasmodia, by the 
heme-initiated formation of free radicals 113–115. Therefore, various artemisinin derivatives 
have been suggested as an alternative to praziquantel for the treatment of schistosomiasis, a 
disease caused by parasites of the genus Schistosoma 114. 
Schistosomiasis is responsible for poor health and long-term disability in some of the least 
developed areas of the world 116. Affecting an estimated 200 million people, schistosomiasis 
is second only to malaria as the world’s most common parasitic disease, but its debilitating 
effects on individuals and whole communities are often overlooked 116–118. Preventive 
chemotherapy and treatment with praziquantel are currently the only strategies implemented 
by the WHO. With the repurposing of the artemisinins as antischistosomal drugs, an 
additional treatment option could be made available 114.  
For these vastly different targets, a better understanding of how to stabilize and formulate 
ART and specifically tailored DDS both for systemic and local delivery will be needed to 
unlock the drug’s full potential in the future.  
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Current status in development 
Artemisone was introduced by Haynes et al. in 2006 119 as a promising development 
candidate due to its increased antimalarial activity, favorable toxicity profile, and superior 
physicochemical properties compared to other artemisinin derivatives. The superiority of 
artemisone over artesunate (WHO-recommended first-line treatment for severe and cerebral 
malaria 98) has since been demonstrated in both in vitro and animal in vivo studies 119,120. 
A first phase I study showed that multiple doses of up to 80 mg ART in immediate release 
oral tablets were well tolerated in healthy human subjects 121. Artemis Therapeutics, Inc., a 
company dedicated to the research of ART, has received Orphan Drug Designation from the 
FDA for ART for the treatment of malaria 122. The company claims to have completed 
phase II trials against malaria with 95 individuals. Preliminary results were already presented 
at the XVIth International Congress for Tropical Medicine 123. But as they do not provide 
access to the actual data, little is known about the studies’ success, the employed route of 
administration, and especially the DDS 124,125. 
Recent investigations by Gibhard et al. showed that artemisone is, in fact, a metabolite of the 
artemisinin derivative artemiside 126.  
 
Physicochemical characteristics and formulation approaches 
Due to its physicochemical properties, ART is generally considered a small molecule BCS 
class II drug (Table 4). With an aqueous solubility of only 89 mg/L, ART is poorly soluble 
according to the BCS threshold.  
 
Structure 1. Artemisone  Table 4. Physicochemical characteristics of artemisone. 

 

Mw 127 Tm  III Log P I, 119 
Aqueous 

solubility II, 119 

401.5 Da 160 °C  2.49 89 mg/L 

I Log P determined at pH 7.4. II Aqueous solubility at pH 7.2. No 
temperature was given for solubility and Log P data. III Obtained 
via Differential Scanning Calorimetry  [DSC] by the author. 

 
However, determination of the permeability via the FDA-mandated mass balance 
determination or in comparison to an intravenous reference dose in humans has not been 
published for ART. Only a comparative assessment is, therefore, possible. Following 
Lipinskys “rule of five” 128, a widely recognized rule of thumb to estimate a compound’s 
bioavailability, artemisone would be classed as possessing good absorption and permeation. 
The molecule has less than 5 hydrogen bond donors (none) and 10 acceptors (7), a 
Mw < 500, and a Log P < 5.  
Results of an in vitro assessment of drug permeability in a Caco-2 cell monolayer model  
predict a complete drug absorption for ART 129, placing it above the required 85 % for good 
permeability according to the BCS. An estimation of the permeability of ART via a Caco-2 
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cell monolayer model was also published by Heyns et al., concluding that artemisone cannot 
be classed as poorly permeable 130. 
ART is a highly crystalline compound that does not exhibit polymorphism and possesses 
good thermal stability as a solid 121. But its poor, pH-dependent aqueous stability remains 
one of the major difficulties in the development of ART DDS. A limited shelf-life, the 
uncontrolled formation of unknown, potentially toxic degradation products, and cost-
intensive, demanding distribution and storage conditions are all associated with poor drug 
stability, significantly hampering further drug development. 
A variety of formulation attempts have been made to address both ART’s poor solubility and 
stability, as reviewed in 131 and 132. However, of these proposed DDS, none was carried 
further than first in vivo animal studies, and none meets the criteria for simple manufacturing 
and administration combined with adequate drug stability. 
Polymer implants showed good performance in mice, but for oral and topical application, lipid 
and surfactant-based systems were most successful. This observation is supported by 
theoretical considerations on lipid solubility of compounds based on their Log P and Tm 

c. 
Alskä et al. found that reasonable solubility in glycerides was indicated by a Tm of < 150 °C 
and suggests that drugs with higher melting points could be solubilized in lipid formulations 
containing high quantities of co-solvents and surfactants 133. Accordingly, ART is considered 
a borderline substance with only intermediate solubility in triglyceride excipients that can be 
better formulated in partial glycerides or surfactants. Additionally, Pouton theorized that 
sufficient solubility in triglycerides can be expected for compounds with a Log P > 4, while 
also recommending that “solvent capacity for less hydrophobic drugs [like ART] can be 
improved by blending triglycerides with other oily excipients which include mixed 
monoglycerides and diglycerides” 24. This is in good accordance with the observation that the 
author made in preliminary solubility studies for ART in lipid excipients. A generally higher 
solubility for ART in more polar lipids compared to triglycerides was found 134. These 
observations and considerations served as the starting point for formulation development for 
artemisone in this work, focusing on solubility enhancing lipid-based DDS systems that can 
provide reasonable drug stability and cater to different routes of application. 
 

  

 
c Simplified predictions with only one of these denominators, should  however, be treated with great 
care, as discussed in detail by Ditzinger et al. 13. 
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2.5 Nimodipine 
Nimodipine [NIMO] belongs to the class of dihydropyridine calcium channel blockers. NIMO 
possesses a selective vasodilatory effect, acting on cerebral arteries more than those in the 
systemic circulation, and is thus mainly used for the treatment of cerebrovascular 
disorders 135. The FDA and European Medicines Agency [EMA] have both granted NIMO 
DDS orphan drug status for the therapy of aneurysmal subarachnoid hemorrhage where the 
drug can reduce incidence and severity of ischemic deficits 136,137. Additionally, the 
administration of NIMO was successful for hearing preservation after vestibular schwannoma 
surgery. It has also been shown to accelerate peripheral facial nerve regeneration and 
prevent delayed ischemic deficits due to cerebral vasospasm after surgically-caused brain 
trauma 138–142. However, the protective mechanism of action of NIMO is still under debate 143.  
 
Physicochemical characteristics and stability concerns 
Nimodipine (Structure 2) is a BCS class II drug with almost complete absorption from 
GIT but poor aqueous solubility (Table 5) 144. 
 
 

 
Structure 2. Nimodipine 

 

Table 5. Physicochemical characteristics of the polymorphs of nimodipine. 

Modification 145 Mw Tm I, 145 Log P II, 146 Aqueous solubility III, 145 

 418.4 Da  3.05  

I (racemic, yellow, metastable)  124 °C  0.86 mg/L 

II (conglomerate, white, stable)  116 °C  0.44 mg/L 

I DSC onset temperature. II Log P (temperature not given). III Aqueous solubility at 37 °C in water.  

 
NIMO exists in two polymorphic forms d . Through both possess activity, polymorphism 
presents the potential risk of alterations in processing properties, shelf-life, and most 
importantly, bioavailability of NIMO from a DDS through transformation into the more stable 
modification II with particularly poor aqueous solubility 145,147. Furthermore, like other 
compounds of its dihydropyridine calcium antagonist class, NIMO also undergoes 

 
d Note that the classification as polymorphism applied to a racemic mixture and the corresponding 
conglomerate as in the case of nimodipine is not universally agreed upon 145. 
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photodecomposition, resulting in the oxidation to its pyridine analogue 148,149. Therefore, extra 
care must be taken to address these instabilities in the design of a novel nimodipine DDS. 
 
Available dosage forms and intracranial delivery 
Currently, NIMO is available in several immediate-release formulations - oral capsule or 
tablet (Nimotop® 150,151) and an oral solution (Nymalize® 15) as well as a concentrated 
intravenous infusion solution that can also be instilled intracisternally 151. To address 
dissolution rate and low solubility nimodipine is available in a non-aqueous pharmaceutical 
solvent 15,150,151 or in the form of a solid amorphous dispersion of the drug in PEG 4000 
obtained through spray drying 151,152. In addition to their enabling characteristic, these 
systems also circumvent the issue of the drug's two polymorphic forms. 
Despite its good absorption, NIMO has a low oral bioavailability of only 13 % due to the 
extensive hepatic metabolism. Rapid elimination requires frequent dosing every 4 hours 135. 
NIMO can cross the blood-brain barrier, but the concentration is lower in the central nervous 
systems than in the periphery where it can cause hypotension as the most common dose-
limiting side effect 135. Contrasting drug pharmacokinetics and available DDS, the need for 
sustained-release formulations and specific brain targeting is thus immanent. Development 
of such systems has been attempted by several research groups, as reviewed in 75, but no 
sustained release formulations are currently available. 
 
For aneurysmal subarachnoid hemorrhage, phase I-III clinical trials with single-dose, 
intraventricular sustained-release NIMO poly-(D,L-lactide-co-glycolide) [PLGA] microparticles 
(EG-1962, Edge Therapeutics) have recently been done 153–155. At similar peripheral serum 
concentrations, the authors could achieve cerebrospinal fluid concentrations two orders of 
magnitude higher than for oral NIMO, with a considerable, steady drug release over 
21 days 155. Unfortunately, this did not increase overall favorable outcomes compared to oral 
NIMO 153. Additionally, the microparticles were designed to be administered via a mandatory 
extraventricular drain and the drain to be closed - if cerebral pressure and perfusion 
permitted this - for the particles to circulate into the basal cisterns 154. Thus, specific 
deposition of the microparticles at the hemorrhage site was not achieved. Due to the 
dependence on adequate cerebral pressure, the method allows for inter-patient variations. 
Also, serum concentrations in the periphery were still considerable and could again be dose-
limiting. 
Higher local NIMO concentration only in the immediate proximity of the site of cerebral 
damage, through a well-placed implant, might provide a better option, particularly for patients 
already undergoing neurosurgical procedures. This is especially true for the off-label use 
during neurosurgery, where local NIMO treatment is still limited to the very imprecise method 
of soaking the surgical field with drug solution or insertion of NIMO loaded biodegradable 
swabs 142. More work towards the development of suitable drug delivery platforms, therefore, 
has the potential to greatly improve and alter the way NIMO can be provided for the therapy 
of the brain.  
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3. Cumulative part  
The work presented in this thesis was published in five full research articles in scientific peer-
reviewed journals. An overview is given in Table 6.  
All applied methods and results are described in detail in these articles and the 
corresponding supplementary material. While this thesis presents the main findings in 
chapter 4. Results and discussions, more in-depth discussions can be found in the individual 
publications (see Appendix). 

 

Table 6. Peer-reviewed scientific journals where the work of this thesis was published and 
corresponding impact factor [IF]. 

Publication Journal  IF* Publisher 

I 
 

Oral administration of artemisone for the 
treatment of schistosomiasis: Formulation 
challenges and in vivo efficacy 131 

Pharmaceutics 6.32 MDPI 

II 
 

Efficient treatment of experimental 
cerebral malaria by an artemisone-
SMEDDS system: impact of application 
route and dosing frequency 132 

Antimicrobial agents 
and chemotherapy 

5.19 American 
Society for 
Microbiology 

III 
 

Transdermal delivery of artemisinins for 
treatment of pre-clinical cerebral 
malaria 156 

International Journal 
for Parasitology: Drugs 
and Drug Resistance 

4.08 Elsevier 

IV 
 

Electrospun Nimodipine-loaded fibers for 
nerve regeneration: Development and in 
vitro performance 75 

European Journal of 
Pharmaceutics and 
Biopharmaceutics 

5.57 Elsevier 

V 
 

Noninvasive characterization (EPR, μCT, 
NMR) of 3D PLA electrospun fiber 
sponges for controlled drug delivery 157 

International Journal of 
Pharmaceutics: X 

n.a. Elsevier 

*The impact factor was published by Clarivate Analytics as  
IF 2021 = (citations 2020 + citations 2019) / (papers published 2020 + papers published 2019) 158 
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A declaration of the author's contribution of this doctoral thesis to the experimental part and 
the writing of the manuscript of each article is given in Table 7. 
 

Table 7. Declaration of the author´s contributions to the publications presented in this thesis. 
A: Planning, execution, data analysis, and evaluation of the experiments 
B: Preparation of the manuscript 

Publication A B 

I Zech J, Gold D, Salaymeh N, Sasson NC, Rabinowitch I, Golenser J, et 
al. Oral administration of artemisone for the treatment of schistosomiasis: 
Formulation challenges and in vivo efficacy. Pharmaceutics 2020; 12. 

75 % 70 % 

II Zech J, Salaymeh N, Hunt NH, Mäder K, Golenser J. Efficient treatment of 
experimental cerebral malaria by an artemisone-SMEDDS system: Impact 
of application route and dosing frequency. Antimicrob Agents Chemother 
2021; 65. 

70 % 85 % 

III Zech J, Dzikowski R, Simantov K, Golenser J, Mäder K. Transdermal 
delivery of artemisinins for treatment of pre-clinical cerebral malaria. Int J 
Parasitol Drugs Drug Resist 2021; 16: 148–54. 

30 % 50 % 

IV Zech J, Leisz S, Göttel B, Syrowatka F, Greiner A, Strauss C, et al. 
Electrospun Nimodipine-loaded fibers for nerve regeneration: 
Development and in vitro performance. Eur J Pharm Biopharm 2020; 
151:116–26. 

80 % 80 % 

V Zech J, Mader M, Gündel D, Metz H, Odparlik A, Agarwal S, et al. 
Noninvasive characterization (EPR, μCT, NMR) of 3D PLA electrospun 
fiber sponges for controlled drug delivery. Int J Pharm X 2020; 2.  

75 % 50 % 
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3.1 Artemisone self-microemulsifying drug delivery system 
 
 
Publication I 
Zech J, Gold D, Salaymeh N, Sasson NC, Rabinowitch I, Golenser J, et al. Oral 
administration of artemisone for the treatment of schistosomiasis: Formulation challenges 
and in vivo efficacy. Pharmaceutics 2020; 12. 
https://www.mdpi.com/1999-4923/12/6/509/htm 
Supplementary material:  
https://www.mdpi.com/1999-4923/12/6/509#supplementary 
 
Publication II 
Zech J, Salaymeh N, Hunt NH, Mäder K, Golenser J. Efficient treatment of experimental 
cerebral malaria by an artemisone-SMEDDS system: Impact of application route and dosing 
frequency. Antimicrob Agents Chemother 2021; 65. 
https://doi.org/10.1128/AAC.02106-20 
 
Publication III 
Zech J, Dzikowski R, Simantov K, Golenser J, Mäder K. Transdermal delivery of artemisinins 
for treatment of pre-clinical cerebral malaria. Int J Parasitol Drugs Drug Resist 2021; 16: 
148–54. 
https://doi.org/10.1016/j.ijpddr.2021.05.008 
 
 
 
Publication I – III describe the successful development of a SMEDDS system for the 
administration of the antimalarial drug artemisone. 
 
Formulation development and physicochemical characterization are laid out in 
publication I 131. As ART is poorly soluble in water and also possesses poor aqueous 
stability, special attention was paid to drug solubility and stability in the formulation. Variation 
of microstructure upon dilution and self-emulsifying properties were also assessed to discern 
the behavior of the system after administration. The SMEDDS was then tested in vitro 
against the human malaria parasite Plasmodium falciparum.  
To examine the applicability of the carrier as a solubility enhancing formulation for ART, the 
efficacy of oral treatment with the drug-loaded SMEDDS against a murine model of infections 
with Schistosoma mansoni was investigated. Parasite worm and egg burden and histology of 
liver sections clearly demonstrate the superiority of the treatment over placebo (Figure 7).  
 
Pharmacokinetics of ART delivery via the SMEDDS system were focused on in 
publication II 132, using cerebral malaria in mice caused by Plasmodium berghei infections 
as in vivo model. Drug serum concentrations after oral administration were analyzed via high 
performance liquid chromatography-mass spectrometry [HPLC-MS], and clear dose-
dependence was established for the ART DDS. 

https://www.mdpi.com/1999-4923/12/6/509#supplementary
https://doi.org/10.1128/AAC.02106-20
https://doi.org/10.1016/j.ijpddr.2021.05.008
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Figure 7. Graphical abstract of publication I (from 131). 

 
Evaluation of the effect of dosing frequency revealed the clear advantage of a split daily dose 
compared to once-daily administration for the same daily ART dose. The effectivity of 
different routes of administration was also examined, comparing intranasal (most 
successful), oral, and intraperitoneal delivery (least successful). The results again confirmed 
the suitability of the carrier as enabling formulation for ART. 
 
Publication III 156 examined the formulation as a transdermal delivery system for ART, also 
employing the murine cerebral malaria model. Drug availability via that route was estimated 
based on cultured P. falciparum as a bioassay for ART mouse serum concentrations. The 
efficacy of ART in the SMEDDS system was compared to artesunate, which was also 
delivered transcutaneously. Different doses and dosing schemes were tested and showed a 
good efficacy of transdermal ART delivery. 
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3.2 Electrospun polymer fibers 
 
 
Publication IV 
Zech J, Leisz S, Göttel B, Syrowatka F, Greiner A, Strauss C, et al. Electrospun Nimodipine-
loaded fibers for nerve regeneration: Development and in vitro performance. Eur J Pharm 
Biopharm 2020; 151:116–26. 
https://doi.org/10.1016/j.ejpb.2020.03.021 
 
Publication V 
Zech J, Mader M, Gündel D, Metz H, Odparlik A, Agarwal S, et al. Noninvasive 
characterization (EPR, μCT, NMR) of 3D PLA electrospun fiber sponges for controlled drug 
delivery. Int J Pharm X 2020; 2.  
https://doi.org/10.1016/j.ijpx.2020.100055 
Supplementary material:  
https://www.sciencedirect.com/science/article/pii/S2590156720300177#s0135 
 
 
 
Different aspects controlling the drug release from electrospun polymer fibers [EPF] and 
fiber-based polymer sponges were examined in publications IV and V. 
 
Nimodipine-releasing polymer fiber mats as possible intracranial implants are described in 
publication IV 75. A stable blend-electrospinning process for PLGA fiber mats was 
established to prepare biodegradable non-wovens with 1 and 10 % drug and fiber diameters 
between 1 and 4 µm. DSC and x-ray diffractometry analysis confirmed the successful 
encapsulation of the drug and the amorphous state of NIMO within the fiber matrix. Drug-
loaded fibers remained stable for at least six months.  
Drug release assayed in two different media showed their decided impact on the drug 
release profile:  
In 1 % Tween 80, a burst release was observed, and the complete amount of drug was 
liberated within 6-8 days. In addition, a loss of fiber geometry over a 14 day incubation period 
was observed that potentially also affected the release profile.  
In contrast, linear drug release was achieved in cell culture media with only 35 – 55 % NIMO 
released after 4 days.  
The NIMO EPF showed no toxicity towards different brain-relevant cell lines but instead had 
cytoprotective activity in differently stressed cells in vitro. 
 
Polymer fiber sponges [PFS], ultralight, highly porous, and hydrophobic scaffolds formed 
from short EPF, were studied in publication V 157. To assess their suitability as DDS, PFS-
specific traits governing drug delivery were analysed (Figure 8).  
Slow water penetration might sustain drug release from these scaffolds. Non-invasive 
characterization via micro-computed tomography [µCT] and electron paramagnetic 
resonance [EPR] imaging was applied to follow and quantify the uptake of aqueous liquids 

https://doi.org/10.1016/j.ejpb.2020.03.021
https://doi.org/10.1016/j.ijpx.2020.100055
https://www.sciencedirect.com/science/article/pii/S2590156720300177#s0135
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into the sponge. Incubation in a surface-active protein solution, as a model bodily fluid, and 
prevention of air entrapment within the samples were identified as influential governing 
parameters and reduced water penetration time from 45 to just 4 weeks. 
Loading of the lipophilic sponges with oily drug solutions was explored as a different delivery 
option. Oil uptake, mechanical stability, and oil holding capacity were assessed as 
prerequisites for this form of application. Restricted diffusion within the sponge and 
interaction of the fiber scaffold with the oil on a molecular level was demonstrated through 
proton nuclear magnetic resonance [1H NMR] measurements of transverse magnetization 
relaxation and the diffusion coefficient D. However, the oil-loaded PFS did not significantly 
alter drug release when compared to simple oily drug solution. 
 

 
Figure 8. Graphical abstract of publication V (from 157). 
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4. RESULTS AND DISCUSSION 

4.1 Artemisone self-microemulsifying drug delivery system 
The objective of this part of the work - presented in publication I-III - was the formulation 
development, in vitro and in vivo testing of a solubility enhancing DDS for the artemisinin 
derivative artemisone. Based on the properties of ART laid out in the introduction, a 
SMEDDS was selected as formulation principle.  
Particular emphasis was placed on evaluating the in vivo performance of the DDS in mouse 
models of severe malaria and schistosomiasis as a tool to get a profound understanding of 
the release kinetics for the different routes of administration (oral, i.p., intranasal, and 
transdermal). Drug liberation from SMEDDS and microemulsions is difficult to test reliably in 
vitro, mainly because the formulation is usually completely dispersed into micelles in the 
aqueous release medium at sink conditions. Similarly, no standardized in vitro model for 
intranasal drug uptake has yet been proposed. This makes the animal models invaluable for 
correctly assessing successful solubility enhancement and drug absorption. Results from the 
treatment of mice also allow a first general estimation of possible dosing regimens and 
treatment frequency and the most suitable route of administration for the later possible use in 
humans. 
 
Formulation development 
Though ART was introduced in 2006 119 and the development of several DDS has since been 
attempted, no systematic screening of the drug’s molecular properties with relation to 
formulation design has been published. A methodical analysis of solubility in different 
excipients and stability studies were thus the starting point in the formulation development.  
Poor aqueous stability has been reported for various artemisinin derivatives 159–161. To predict 
ART’s possible degradation, drug recovery in aqueous solutions was monitored. The 
degradation rate is pH-dependent, but degradation occurs over a broad pH range (Figure 
9A). Results confirm that storage stability can best be achieved in a water-free formulation. 
The exposure of the drug to gastrointestinal fluids might be a cause for poor bioavailability 
due to drug degradation.  
Most of the proposed first attempts at formulations for ART found in literature are lipid-
based 132, and in preliminary solubility studies the author also found a particularly good 
solubility of ART in lipid excipients 134. More systematic solubility testing further specified that 
solubility was generally higher in more polar lipids (Figure 9B), which is in accordance with 
the theoretical considerations on lipid solubility of ART based on Log P and Tm (see 2.4 
Artemisone).  
As the solubility of a drug in a mixed lipid-based formulation is mainly achieved through its 
good solubility in the individual components 30,31, the excipients with the best solubility for 
ART were selected as potential ingredients for the SMEDDS. In addition to well-known, 
routinely-used substances, the REACH compound Polysorb ID 46 was included as new 
excipient. The C8-C10 isosorbide diester proved to be a good solvent for artemisone 
(55 mg/g) and is used here in formulation design for the first time. Results seem to confirm its 
suitability as an exciting novel pharmaceutical excipient.   
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Figure 9. (A) pH-dependent stability of ART in phosphate buffer solutions measured via HPLC 
(modified from 131, data fitted according to first-order kinetics, R² > 0.9). (B) Solubility of ART in 
different excipients of decreasing polarity (left to right, based on data from 131). Co-surfactant/co-
solvent propylene glycol; surfactant Kolliphor HS 15 (polyoxyl (15) hydroxyl-stearate, HLB 15); partial 
glycerides Capmul® MCM (glycerol monocaprylocaprate); medium-chain triglycerides [MCT] (glycerol 
tricaprylocaprate).  

 
The composition of the final optimized SMEDDS formulation [SMEDDS-100] was chosen 
based on its excellent dilution/self-emulsification behavior and resulting large isotropic area. 
The composition and corresponding ternary phase diagram are given in Figure 10.  
 
 

 

 

SMEDDS-100 
 
Kolliphor HS 15 
Propylene glycol 
Polysorb ID 46 
Capmul MCM 

(wt. %) 
 

50 
10 
20 
20 

  

Figure 10. Final formulation SMEDDS-100: Ternary phase diagram of the pseudo-ternary mixtures 
(w/w) of distilled water, surfactant/co-solvent (Kolliphor HS 15 and propylene glycol), and lipid 
excipient (Capmul MCM and Polysorb ID 46). Note that the partial glyceride Capmul MCM also acts as 
co-surfactant. Any formulations that did not appear completely clear were classed as turbid. Open 
triangles mark the water-free SMEDDS-100 and resulting ME SMEDDS-50 and SMEDDS-20 selected 
as possible DDS. The dotted line indicates the dilution pathway of SMEDDS-100. Modified from 131 
Inserted table: Composition of SMEDDS-100. 
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According to Pouton’s Lipid Formulation Classification System 24,25, SMEDDS-100 can be 
classified as a Type III lipid formulation. The high amount of surfactant suggests a Type IIIB, 
but the 40 % mix of partial glyceride and Polysorb ID 46 and only 10 % co-solvent propylene 
glycol instead indicate a Type IlIA system. 
 
The transformation of a SMEDDS when brought into contact with aqueous fluids can give 
some information on the fate of the formulation after administration, upon increasing dilution, 
e.g., in the GIT. Complete self-emulsification could be reached through gentle shaking of 
SMEDDS-100 overlaid with phosphate buffered saline [PBS], indicating that GI motion would 
be sufficient to form a ME after oral administration.  
Typically, a transition from a SMEDDS to a w/o ME is observed after adding moderate 
amounts of water to the system. Further increasing the water volume fraction ϕw will lead to a 
bicontinuous structure and eventually result in an o/w ME. To better understand the changes 
in the microstructure of self-emulsifying formulation, a series of dilutions of the SMEDDS-100 
in steps of 10 % (w/w), from ϕw 0.1 to 0.9, was studied. The physicochemical properties and 
the possible microstructures of the resulting ME were investigated by applying a variety of 
analytical methods, including: 
 

• Conductivity measurements – changes in conductivity as an indicator for a 
percolating aqueous or lipid phase. 

• Optical determination of cloud point – sensitivity to temperature changes. 
• Polarized light microscopy – observation of the formation of liquid crystalline 

structures at the SMEDDS-100/water interface. 
• Solubilization assay – solubility of Sudan Red (lipophilic dye) to visualize the 

existence of lipid-rich domains in the ME microstructure. 
• Rheology – changes in dynamic viscosity (capillary viscometer) and shear viscosity 

(rotational rheometer). 
• Cryogenic electron microscopy [cryoEM] – imaging of the microstructure of the ME 

Dynamic light scattering [DLS] - changes in apparent particle size as an indication of 
the rearrangement in microstructure e. 
 

Exemplary results are given in Figure 11, while more detailed findings are included in the 
supplementary material 162 of publication I 131.  
  

 
e Dynamic light scattering/photon correlation spectroscopy is frequently used to study ME but correct 
quantitative particle size distributions are difficult to obtain, due to multiple scattering effects and the 
interaction of the analyzed structures. Additionally, the structures are mostly of unknown shape or 
even bicontinuous, so shape correction could not be performed and the diameter distributions are 
calculated based on spherical particles. In addition, ME are highly dynamic systems and therefore, the 
rapid change of the light scattering intensity could be caused by different processes. 
Consequently DLS was only employed to trace changes in the detected microstructures and to 
discover possible trends. Resulting hydrodynamic diameters were not considered as correct 
dimensions of the structures present in the samples.  
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Figure 11. Physicochemical characterization of SMEDDS-100 and resulting ME regarding the water 
volume fraction ϕw. The triangles indicate SMEDSS-100 Δ, SMEDDS-50 Δ, and SMEDDS-20 Δ.  
(A) Conductivity of dilutions of SMEDDS-100 with distilled water. (B) Dynamic viscosity measured with 
a capillary viscometer. (C) Sudan Red solubilization assay: the same amount of Sudan Red powder 
was added to dilutions of SMEDDS-100 with distilled water (steps of 10 %). Incomplete dilution was 
observed for ϕw of 0.8 and higher. (B) and (C) modified from  162. 

 

Examining the data which were obtained with this broad spectrum of different methods and 
comparing it to similar observations for other ME found in literature 163–171, it was 
hypothesized that: 
 

• At ϕw 0.1 to 0.3, a coarse w/o emulsion is present as indicated by the cloudy 
appearance and phase separation together with low conductivity. 

• Between ϕw 0.3 and 0.5 a w/o ME is formed with increasing clustering and percolation 
of the water phase, resulting in linear growth in conductivity of the optically isotropic 
mixtures.  

• A bicontinuous system is suspected to be present at ϕw 0.5 and possibly 0.6 (shear 
thinning and little change in viscosity and conductivity) before the formulation is 
transformed to an o/w ME (rapid decrease in viscosity at 25 °C but increased 
conductivity for ϕw 0.7; still good solubility of Sudan Red).  

• Micelles make up the formulations at ϕw 0.8 and 0.9 (very low viscosity due to water 
as dispersion medium of micelles; poor solubility of Sudan Red, strong blue 
opalescence, structures < 100 nm in DLS. ϕw 0.8 exhibited thixotropic behavior, 
suggesting a three-dimensional clustered network of micelles).  

Based on these observations, two of the ME, containing 50 % SMEDDS [SMEDDS-50] 
(ϕw 0.5) and 20 % SMEDDS [SMEDDS-20] (ϕw 0.8), were identified as possible additional 
DDS in vivo studies respectively (Table 8).   
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Table 8. SMEDDS-100-derived microemulsions SMEDDS-50 and SMEDDS-20: Composition and 
route of administration in the in vivo experiments. Inserted image: Observed transparency of the 
formulations. SMEDDS-20 exhibits a strong blue opalescence. Image from 132.  
 

 SMEDDS-50 SMEDDS-20 

 

Composition (wt. %) 
SMEDDS-100 
PBS pH 7.4 or H2O 
 
Route of 
administration 

 
50 
50 
 

Intranasal 

 
20 
80 
 

Oral, i.p. 
transdermal 

 

 
Cryogenic electron microscopy further verified the findings for these two ME (Figure 12).  
All results considered together strongly indicate that SMEDDS-50 is a bicontinuous system 
while SMEDDS-20 is formed from a clustered network of cylindrical micelles. 
 

 
Figure 12. Freeze fracture micrographs of SMEDDS-50 (left) and cryogenic transmission electron 
microscopy image of SMEDDS-20 (right). The pictures suggest a bicontinuous structure for 
SMEDDS-50 and cylindrical micelles for SMEDDS-20. Modified from 162. 
 

Physicochemical experiments all had to be carried out with drug-free SMEDDS because ART 
is too scarce and expensive to be used in the large quantities that would have been 
necessary. But DLS showed slight to no changes in apparent particle size if ART was added 
to the formulation. That suggests that the physicochemical characteristics are the same for 
SMEDDS and ME with and without drug.  
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SMEDDS-100 proved to be excellent at increasing ART solubility. The saturation solubility 
was 59 mg/g at room temperature, a 660 fold increase in solubility compared to PBS. Drug-
loaded ME were usually prepared by adding water or PBS to the drug-containing SMEDDS-
100. To rule out the severe loss of solvent capacity upon dilution, common for LFCS class III 
systems 11, SMEDDS-100 with 5 wt. % ART, the resulting SMEDDS-50, SMEDDS-20, and a 
1:20 dilution (w/w) of the drug-containing SMEDDS-100 with distilled water, were monitored 
via light microscopy. No drug precipitation was observed over 24 h, suggesting that drug 
uptake would not be hindered by possible recrystallization due to the dilution of the 
formulation.  
ART’s chemical stability in SMEDDS-100, SMEDDS-50, and SMEDDS-20 at 30 °C was 
studied via HPLC analysis and compared to the drug’s aqueous stability at the pH found for 
SMEDDS-50 and SMEDDS-20 (Figure 13). ART showed unexpectedly high stability, even in 
the presence of 50 % water, with less than 2 % drug degradation over three months. The 
incorporation of ART in water-free lipid domains within the bicontinuous SMEDDS-50 could 
protect ART from water-mediated degradation 34–36. The micelle-based SMEDDS-20 did not 
provide such structures and possessed poor storage stability. ART was stable in 
SMEDDS-20 for 24 hours, long enough for oral drug uptake, but the drug-loaded formulation 
exhibited precipitation after 7 days. Fast decomposition of ART dissolved in 1 % sodium 
lauryl sulfate was observed by Bagheri 172, also suggesting that solubilization in simple 
micelles does not protect ART from degradation in an aqueous environment. The developed 
SMEDDS-50 as a lipid-rich, bicontinuous system showed superior performance. 
 
 

 
Figure 13. Stability of ART in SMEDDS-100, SMEDDS-50, and PBS pH 6.5 (pH equivalent to that of 
SMEDDS-50), at 30 °C. Drug content was measured via HPLC. Modified from  131. 
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In vitro evaluation 
The effectivity of the formulation was shown in vitro in a culture of P. falciparum NF54 in 
human erythrocytes. Drug-free SEMDDS-20 and 10 mg/g ART in SMEDDS-20 were 
compared to an ART solution in DMSO (all diluted in culture medium). An ED50 of 1-2 ng/ml 
was found for ART in SMEEDS-20 and in DMSO, suggesting that the drug was readily 
available from the ME. Hence, poor performance due to an overly high affinity of the drug to 
the carrier and resulting partitioning effects are unlikely. Activity of the drug-free formulation 
in vitro was ruled out, and no hemolysis was observed for the SMEDDS. 
 

In vivo studies 
For animal treatment, SMEDDS-50 was chosen as the carrier for intranasal administration. 
The high percentage of SMEEDS-100 ensures good solubility of ART in small volumes of the 
ME and the considerable viscosity of SMEDDS-50 a prolonged time of residency on the 
nasal mucosa 173.  
Oral, transdermal, and i.p. administration was performed with ART in SMEDDS-20. This ME 
still possesses a considerable amount of lipid excipients, but the comparatively low viscosity 
also allows for the use as a spray and oral administration in mice through fine needles as 
gavage.  
Two animal models for murine cerebral malaria and murine schistosomiasis were used in the 
in vivo experiments (Figure 14).  
 

 

Figure 14. Animal models used in the in vivo testing. [PE] Parasitized erythrocytes. 
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Schistosomiasis 
The pathology of infection with Schistosoma mansoni in mice is not identical but similar to 
that in humans. Murine infections are therefore routinely examined in the testing of therapies 
against bilharzia 174–176. 
The successful ART delivery from the self-microemulsifying DDS was demonstrated for the 
oral treatment in Schistosoma infected mice (Table 9).  
 

Table 9. Oral treatment of murine schistosomiasis. 40 mg/kg bodyweight artemisone in 300 µl 
SMEDDS or the same volume drug-free SMEDDS-20 were administered via gavage twice per day on 
days 23-25 and 29-31 post infection. Recovered worms in the liver and mesenteric veins, eggs, and 
granuloma were counted from hematoxylin-eosin stained cuts of liver sections. 

 Worms per mouse* Eggs / cm² Granuloma / cm² 

40 mg/kg ART [n=6] 1.8 ± 1.5 0 0 

Placebo [n =9] 49.1 ±  16.2 85 ± 50 51 ± 22 

*No worms were found in 2/6 of the treated animals. All worms found in the treated mice were de-
generate. An average of 42.6 ± 13.2 worms was counted in the untreated infected control group [n=9].  

 
 
Treatment of S. mansoni infections produced a 96 % reduction of worms compared to 
placebo-treated mice. No eggs and resulting granuloma were present in the liver sections of 
the treated animals (Figure 15). These findings are especially remarkable compared to the 
400-450 mg/kg ART (all drug doses given as mg/kg bodyweight) needed to achieve similar 
outcomes when the same mouse model is treated orally with an aqueous drug 
suspension 113. Similarly, for other artemisinin derivatives, between 100 and 400 mg/kg were 
mostly used in successful oral treatment 115. Admittedly, the dosing regime in these 
experiments is not identical with this work which somewhat restricts direct comparison. 
However, the equivalent efficacy of only 10 % of administered drug distinctly points at a 
highly increased ART uptake from SMEDDS-20 due to enhanced drug solubility in the lipid 
formulation.  
 

 

Figure 15. Hematoxylin-eosin stained cuts of liver sections of S. mansoni infected mice. Placebo-
treated animal: many eggs and granulomas (left); Artemisone-treated mouse: no granulomas, the 
larger structures represent blood vessels (right).  
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Cerebral Malaria 
A more comprehensive understanding of ART delivery and absorption kinetics from the 
developed carrier system was obtained in a murine model of cerebral malaria (Figure 14). In 
this in vivo model, the course of the infection can be easily followed quantitatively over time 
in each individual animal, and results are gained within a few weeks. 
Plasmodium falciparum, the main cause for severe and cerebral malaria [CM] in humans, 
cannot be cultivated in mice due to the parasite’s host specificity 177. The infection of mice 
with the rodent parasite Plasmodium berghei has therefore long been established as a 
reliable model of CM 178–180. Successful intervention ideally eradicates all parasites but may 
also lead to a shift from CM to the development of anemic malaria [AM]. This shift can 
already be considered a beneficial outcome: the delayed mortality due to anemia - compared 
to an early death because of CM - offers a time window for proper diagnosis and treatment. 
This can result in an increased chance of survival in the analogous treatment of P. falciparum 
in human patients.  
To establish the required dose for the in vivo treatment of P. berghei infections, 10, 20, or 
40 mg/kg ART in SMEDDS-20 were administered to mice via gavage. Clear dose 
dependence was found for the delay in parasite detection and survival of the mice, mainly 
due to the shift from CM to AM in the 20 and 40 mg/kg groups (Figure 16). However, a 
10 mg/kg dose was not sufficient to achieve the same effect. 20 mg/kg/day, therefore, proved 
to be the most suitable dose for further experiments. 
 

 
 
Figure 16. Parasitaemia in P. berghei infected mice treated with 10/20/40 mg/kg ART via gavage 
every 24 h on days 3-5 post infection. Each line represents one animal; the end of a line indicates the 
death of the mouse. The red circles mark the earliest detection of parasites in the bloodstream: note 
the dose-dependent shift from day 5 (untreated control) to day 12 (40 mg/kg). Modified from132. 
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Drug delivery from oral microemulsions is usually rapid, with cmax being reached within 
1-4 hours 19,28,181,182. Similar absorption kinetics were also found for the developed system 
(Table 10). Serum concentrations between 900 and 2,300 ng/ml, about ten times the 
maximum concentration of ART in the first human tolerability studies (140 ng/ml) 121, and a 
thousand times higher than the ED50 of 1 to 2 ng/ml against P. falciparum growth in culture, 
were reached after 2 hours.  
The much lower drug serum concentrations at 8 h imply that drug uptake has mostly been 
completed after a few hours, and ART is then rapidly cleared from the bloodstream. 
These assumptions are supported by a series of prophylactic treatment experiments in mice 
which were reported in 132 and served as an in vivo bioassay to gain additional information on 
the pharmacokinetics of the formulation. Taken together, serum concentrations and 
prophylactic treatment indicate fast absorption of high amounts of ART from the DDS. 
 

 
Table 10. ART serum concentrations found in ICR mice (n= 3 per time point) 2 and 8 hours after 
treatment with either drug-free formulation or 40 mg/kg body weight ART in SMEDDS-20 via gavage, 
measured via HPLC-MS. 

Time post administration Administered formulation ART serum (µg/ml] 

2 h Placebo 0 0 0 

 40 mg/kg ART 0.9 2.3 1.3 

8 h 40 mg/kg ART 0.6 <LLQ <LLQ* 

*[LLQ] lower limit of quantification = 0.18 µg/ml. Vertical lines separate results of individual mice.  

 
 
The increase in bioavailability through the complete dissolution of ART in the formulation is 
also underlined by comparison to serum concentrations recently reported by Gibhard et al. 
for a simple aqueous suspension of ART in 0.5 % hydroxypropylmethylcellulose with 0.2 % 
Tween 80 126. Here, oral administration of 50 mg/kg ART suspended in the carrier resulted in 
an AUC of 1.1 µmol*h/L. This is less than half of the 2.4 µmol*h/L found after intravenous 
injections of one-tenth of the dose (5 mg/kg), proving very poor bioavailability from the 
suspension. Additionally, only about 120 ng/ml and 6 ng/ml ART were found in the serum 
1 and 3 hours after gavage of 50 mg/kg drug in the suspension, respectively - compared to 
the 900-2,300 ng/ml measured 2 hours after 40 mg/kg were administered in SMEDDS-20. 
This is in good accordance with the much lower drug dose needed to treat murine 
schistosomiasis when using the author´s self-emulsifying formulation instead of a 
suspension. 
Obviously, direct comparison with the pharmacokinetic results from the suspension 
discussed above 126 must be seen with some caution (two separate experiments in different 
laboratories, different strains of mice, and a difficult to explain tmax for the suspension of only 
5 minutes). But the roughly 50 to 100-fold increase in the ART serum concentrations if given 
in SMEDDS-20 definitively demonstrates that a suitable enabling formulation can greatly 
enhance oral ART bioavailability. 
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However, serum concentrations and prophylactic treatment results also revealed a possible 
weakness of a self-emulsifying system for ART delivery in malaria. It has been argued that a 
longer cumulative duration of time over which the plasmodia are exposed to concentrations 
above the minimum parasiticidal concentration f [MPC] is crucial for their successful 
eradication 183,184. For the artemisinins with their short half-lives  (2.79 h for ART in 
humans 121, 0.39 h in mice 126), serum concentrations above the MPC might not be retained 
over a sufficient time 183,184, depending on the dosing interval and route of application. This 
issue could be exacerbated by the rapid uptake of the drug from the SMEDDS, as the author 
discussed extensively in 132. It was, therefore, examined whether a change in dose frequency 
and a different route of application could further enhance the efficacy of the SMEDDS 
formulation beyond the already increased oral absorption. 
 
 Changing the dosing interval by splitting the delivered daily dose of ART drastically 
improved the outcome of the treatment of murine cerebral malaria: All animals that received 
the full daily dose of 20 mg/kg every 24 hours died from the infection. In contrast, the mice 
that were given 20 mg/kg as a split dose of 10 mg/kg ART twice per day cleared all parasites 
and showed no recrudesce of the infection (Figure 17A). This observation is supported by 
pharmacological modeling of artemisinin monotherapy of P. falciparum infections in 
humans 184,185, as discussed in detail in 132. Briefly, according to Kay et al. 184, parasite-killing 
saturates at high drug concentrations. Therefore, in a split-dose regimen, the increase in 
cumulative killing time correlates with the subsequent increase in parasite eradication. Thus, 
a simple change in the dosing scheme lent the ART-SMEDDS a dramatically increased 
effectiveness while also reducing the risk of treatment failure and dose-related toxicity. 
 

 
Figure 17. (A) Effect of different dosing intervals on survival of P. berghei infected mice treated by 
gavage on days 3-5 post infection with 20 mg/kg ART in 200 µl SMEDDS-20 every 24 h (n= 6) or 
10 mg/kg ART in 100 ml SMEDDS-20 every 12 h (n= 5); Untreated control mice n= 8. (B) Effect of the 
route of application on mouse survival. Mice were treated with 20 mg/kg ART on days 3-5 post 
infection with P. berghei every 24 h by gavage (n= 6, ART in 200 µl SMEDDS-20), i.p. injection (n= 6, 
ART in 100 µl SMEDDS-20), and intranasal administration (n= 6, ART in 25 µl SMEDDS-50); 
Untreated control mice n= 8. From 132. 

 
f The minimum parasiticidal concentration is defined by White as “the lowest blood, plasma, or free 
plasma concentration which produces the maximum parasiticidal effect” 183. 
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Similarly, the kinetics of drug uptake are greatly influenced by the route of administration and 
proved to be decisive in the outcome of malaria treatment with the developed formulation. 
SMEDDS/ME systems are safe for use via different routes, allowing to compare i.p. 
injections (parenteral route), oral administration, and intranasal treatment and also try 
transdermal delivery. I.p. injections were less effective than oral administration, which was 
surpassed by intranasal delivery of ART, leading to the complete parasite-free survival of 
50 % of the animals (Figure 17B). Similar to the split-dose oral treatment, a prolonged MPC 
through the retention in the nose of the highly viscous SMEDDS-50 might be the decisive 
factor for the benefit of the intranasal administration. In contrast, the immediate uptake of the 
complete drug dose after i.p. injections would lead to a shorter circulation of concentrations 
of ART above the MPC in the bloodstream. To support this hypothesis, measurements of 
serum concentrations after drug delivery via the different routes in future experiments will be 
necessary. However, a difference in bioavailability and brain targeting also need to be 
considered as contributing to the increased effectiveness of intranasal delivery 132.  
 
SMEDDS-20 was also tested for transdermal ART delivery and proved highly effective. 
Administered as a spray on the shaven back of the animals, twice daily on days 2-5 post 
infection, 40 mg/kg ART in 150 µl SMEDDS-20 reliably eradicated all parasites from 
P. berghei infected mice. Even a late treatment with only 4.4 mg/kg shifted the course of the 
disease to anemic malaria in all animals and prolonged survival by seven days (Figure 18). 
Serum concentrations of ART measured in a bioassay clearly demonstrated transdermal 
passage of ART to the blood. These were highest one hour after treatment, and 900 ng/ml 
ART was still present 5 hours after spraying mice with 80 mg/kg ART in SMEDDS-20. 
 

 
Figure 18. Transdermal treatment with 4.4 mg ART/kg bodyweight in 150 µl SMEDDS-20 sprayed on 
the shaven back of the animals every 24 h on days 5 and 6 post infection with P. berghei. Each line 
represents one mouse; the end of a line indicates the death of the animal (n=5 in the treatment group, 
n=6 for untreated mice). Modified from 156. 

  
Using the optimal route of application and dosing frequency induces a complete cure of 
experimental cerebral malaria. Direct comparison between the transdermal ART delivery and 
the oral, i.p., and intranasal ART administration experiments is difficult due to the different 
treatment schemes. However, it can be concluded, according to the current results, that the 
self-emulsifying formulation successfully delivers ART via the oral, intranasal, and 
transdermal route of administration, proving to be a very versatile and easily adaptable, lipid-
based solubility enhancing carrier for artemisone.  
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4.2 Electrospun polymer fibers 
This part of the work investigates different electrospun polymer fiber carriers as drug delivery 
systems for small molecule drugs, mainly for local application. In particular, possible 
parameters controlling drug loading and resulting release mechanisms and kinetics were 
investigated in detail for two different types of fiber scaffolds (Table 11).  
Publication IV 75 presents the development of a fiber mat with the active compound, BCS 
class II drug nimodipine, incorporated within the individual fibers.  
A three-dimensional polymer fiber sponge that could be loaded with drug through 
(a) encapsulation within the fibers during the spinning process, as well as through 
(b) immobilization of drug solutions in the pores of the sponge post-processing, is studied in 
publication V 157.  
Both systems could allow the local delivery of sufficient concentrations of poorly soluble 
substances through an increase in dissolution rate and solubility but should preferably also 
control burst release.  
  

Table 11. Possible parameters controlling drug delivery mechanisms from the electrospun polymer fiber 
systems studied in publication IV 75 and V 157. 

Polymer fiber mat Polymer fiber sponge 

 

Drug-loaded fibers 

- Fiber diameter  
- Drug incorporation  

(amorphous/ crystalline) 
- Tg fiber matrix 
- Release medium 
- Loss of geometry 
 

 

 (a) Drug-loaded scaffold 

- Scaffold fluid penetration 
- Fiber fluid penetration 
- Air escape 
- Changes in fiber micro- 

environment 

 drug molecule   

 aqueous fluid (water, buffer, bodily fluid)  

 lipophilic fluid (oily drug solvent) 

 

(b) Drug-solution filled scaffold 

- Scaffold oil penetration 
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4.2.1 Electrospun nimodipine-loaded polymer fiber mats 
 
Formulation development 
An electrospun polymer fiber fleece was developed as a potential intracranial DDS for NIMO 
for the treatment of secondary ischemia after aneurismal subarachnoid hemorrhage, 
vestibular schwannoma, and maxillofacial surgery. 
The requirements for local delivery systems in the brain are particularly stringent due to the 
delicate brain tissue 186. Injury through mechanical strain and any toxicity to the very sensitive 
brain cells must be ruled out. Electrospun polymer fibers are particularly well suited to meet 
these requirements. They allow the fabrication of soft, flexible materials that adapt to the 
respective site of application. Electrospinning also offers a broad choice of possible polymers 
and sufficient drug loading in a reasonably small-sized DDS.  
To avoid further irritation at the site of trauma, the system must be biodegradable based on a 
mechanism applicable to the brain with its limited routes of metabolism, without breaking 
down into harmful compounds or causing unacceptable shifts in pH or osmolarity. The 
aliphatic polyester PLGA was thus selected as the matrix polymer for the fiber mats. PLGA is 
biodegradable and has already been approved for various parenteral DDS 187. Simple ester 
hydrolysis makes the degradability of PLGA independent of the presence of specific 
enzymatic mechanisms. A local acidic pH, common in larger monolithic PLGA carriers 
undergoing bulk erosion, is not expected for electrospun fiber mats. Rather, EPF undergo 
surface erosion due to their smaller individual structures and large surface area 188,189. 
Poly(D,L-lactide-co-glycolide) 50:50 with a Mw of 24,000–38,000 and a glass transition 
temperature [Tg] of 44-48 °C was successfully formulated into NIMO-loaded EPF through 
blend electrospinning of a solution of polymer and drug. Electrospinning parameters were 
adjusted systematically to establish a stable and reliable spinning process and are laid out in 
detail in 75.  
1 % [NIMO 1 %] and 10 % [NIMO 10 %] (wt.%) NIMO were incorporated into the fiber matrix 
of round fleece mats of around 40 µm thickness. The individual fibers had an average 
diameter of 1–3 µm and a smooth surface (Figure 19). 1H NMR confirmed that the drug was 
not affected on a molecular level by the electrospinning process, and HPLC revealed an 
encapsulation efficiency of 97-105 % (results > 100 % are due to variability of sample 
preparation and analytics). 
 

 
Figure 19: SEM images of NIMO 1 % and NIMO 10 % fiber mats. Note that no pore formation or 
crystallization is visible on the smooth fiber surface. From 75.  
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The state of the drug – crystalline or amorphous - and where it is deposited within the fiber is 
mainly responsible for resulting release profiles of EPF 71,72. Incompatibility between drug and 
polymer (lipophilic/hydrophilic) or drug and solvent favors crystallization of the drug, 
occurring mostly on the fiber surface 71,72. This often results in an intense burst release even 
for poorly soluble compounds 71,72. Similar effects can be observed when amounts of drug 
above its solubility in the polymer are used 68,69. With the right choice of process variables 
and excipients the formation of an amorphous solid dispersion of the drug within the fiber 
matrix can be achieved via blend electrospinning. For the BCS class II compound NIMO this 
can be employed as a dissolution rate and solubility enhancing formulation approach. The 
state of NIMO in the EPF was thus of great interest and analyzed via x-ray scattering and 
DSC. 
For the NIMO-loaded fibers, x-ray powder diffractograms only gave the broad signal of 
amorphous material. However, in a physical mixture of drug and polymer the sharp and 
narrow signals for the crystalline drug were still observed (Figure 20C). 
DSC was performed to verify the x-ray scattering results. Samples were subjected to two 
heating cycles.  
No melt peaks of crystalline NIMO were found during the first heating cycle, supporting the 
assumption that NIMO was incorporated in the fibers in the amorphous state (Figure 20A).  
 

 
Figure 20. (A) DSC curves (first heating cycle) of nimodipine powder, unprocessed PLGA as received, 
electrospun fiber mats immediately after drying, and NIMO 10 % stored for 6 months. Numbers 
indicate the melt peaks (Nimodipine) and Tg of samples. (B) DSC curves (second heating cycle) of 
unprocessed PLGA and electrospun fiber mats. Numbers indicate the Tg of samples. (C) X-ray powder 
diffractometry patterns of nimodipine powder, a cryo-milled mixture of 10 % nimodipine in PLGA 
(Nimodipine 10 % powder), electrospun fiber mats immediately after drying, and NIMO 10 % stored for 
6 months. From 75. 
 

DSC measurements demonstrated that the electrospinning process considerably decreased 
the Tg of the polymer forming the fiber matrix. A Tg of 37 °C for drug-free fibers was found 
during the first heating cycle, compared to the 55 °C of bulk PLGA. As the fleece samples 
fused into beads during the first heating, results obtained during the second heating cycle 
were independent of the influence of fiber geometry and the electrospinning process. The Tg 
for drug-free fibers and bulk PLGA was found to be almost identical again for the second 
heating (Figure 20B). Several explanations for this are given in 75,  the most common being 
that the stretched long-range polymer network caused by whipping and bending of the fiber 
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during the electrospinning process is preserved through rapid drying, leading to less polymer 
chain entanglement 190. With the additional plasticizing effect of NIMO, the Tg of NIMO 1 % 
and NIMO 10 % (35 °C and 33 °C respectively) is below the 37 °C body temperature. The 
EPF will thus be in the rubbery state, which might increase release rates through higher 
polymer chain mobility 191 but can also affect the stability and integrity of the fiber network. 
 
In vitro nimodipine release 
The release of NIMO from the EPF was studied in two different media, in a pharmacopeia-
based surfactant solution and in cell-free culture medium under the conditions applied in the 
cell culture experiments. The very different release rates decidedly demonstrate the 
significant influence the release media have, a fact that is often overlooked when evaluating 
the release kinetics of DDS. 
For the therapy of aneurysmal subarachnoid hemorrhage and the preservation and 
regeneration of nerve functions after neurosurgery, a local release of NIMO at the site of 
trauma over around 14-21 days would be ideal 192–194. Sufficient therapeutic NIMO 
concentrations in the targeted tissue should be accomplished while also preventing a strong 
burst release.  
As laid out in the introduction, to obtain the desired drug delivery profile, the interplay of 
(a) increased dissolution rate from the electrospun non-wovens due to small diameters and 
large surface area, (b) drug-polymer compatibility and amorphous/crystalline state, and the 
drug´s inherent poor aqueous solubility needs to be carefully balanced 75. The aime was to 
achieve this through the amorphous incorporation of the poorly soluble NIMO in a PLGA 
matrix.  

 
Figure 21. (A) Nimodipine release from NIMO 1 % and NIMO 10 % in PBS pH 7.4 with 1 % Tween 80, 
over 14 days.  (B) Nimodipine release from NIMO 1 % in cell-free culture media over 4 days. 
Experiments in DMEM were performed at 37 °C, CO2 5 %, samples in DMEM-F12 were incubated at 
33 °C, CO2 5 %. The release experiments were carried out under light exclusion. Drug release was 
calculated from the residual amount of nimodipine in the fiber mats measured via HPLC. From 75. 
 
The NIMO release from the EPF was studied in PBS pH 7.4 with 1 % Tween 80 rather than 
just an aqueous buffer, to ensure sink conditions in a reasonable volume. A relatively fast 
nimodipine release was observed with 48 % and 47 % for NIMO 1 % and NIMO 10 % within 
the first 6 hours, respectively (Figure 21A). The release profiles are almost identical for both 
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drug loads. NIMO release was complete after 6 days for NIMO 1 % and 8 days for NIMO 
10 %, about half the period initially attempted to cover.  
This relatively fast drug liberation can mainly be attributed to the fiber geometry and the 
rubbery state of the polymer. The electrospinning process and drug incorporation already 
reduced the Tg of the dry EPF to several degrees below the 37 °C used in the release 
experiments. Increased mobility of the polymer chains above the Tg favors a more rapid drug 
release due to fast water penetration and diffusion of the drug molecules out of the 
fiber 191,195. This was further intensified by the plasticizing effect of the incubation medium. 
Blasi et al. found that exposition to water depressed the Tg of PLGA by about 15 °C 196, while 
a plasticizing effect on polymers was also seen for surfactants 197. The decisive influence of 
the surfactant is made even more evident when looking at the NIMO release in the culture 
medium. Here an almost linear release was achieved from 24 h to 96 h. There was no 
significant burst, and only 53 % (DMEM) and 34 % (DMEM-F12, 33 °C) were released after 
4 days (Figure 21B).  
 

 
Figure 22. Changes in fiber morphology during release experiment of fiber mats in PBS and 1 % 
Tween 80. SEM images were taken of dry fiber mats (d 0) and samples removed from the experiment 
after 2 or 14 days. 
 

Over the course of the release experiments, the softening of the PLGA matrix resulted in the 
fiber mats fusing into porous films after several days (Figure 22). This complete loss of the 
fiber geometry fundamentally alters release-governing mechanisms and kinetics and partially 
eliminates the unique advantages of the electrospun non-wovens.  
The influence of not only the inherent fiber properties but also external factors on drug 
liberation, therefore, have to be carefully considered when designing an EPF-bases DDS, 
also and especially when using in vitro data to predict in vivo release.  
 
Activity in relevant brain cell line cultures 
The NIMO EPF exhibited no cell toxicity towards a number of different brain cell lines. A 
42-81 % reduction in NIMO concentration in the culture media after the cell stress 
experiments, compared to release in cell-free media, suggests significant drug uptake by the 
cells (though NIMO breakdown cannot be completely ruled out as a possible explanation). 
Further, the fiber mats significantly reduced cell death of oxidative, osmotic, and heat-
induced cell stress in in vitro cell models of Schwann cells, neuronal cells, immortalized and 
primary astrocytes. EPF could thus be a suitable DDS to make intracranial, local NIMO 
delivery available for the treatment of secondary ischemia after aneurismal subarachnoid 
hemorrhage, vestibular schwannoma, and maxillofacial surgery.  
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4.2.2 Polymer fiber sponges 
Three-dimensional polymer fiber sponges fabricated from electrospun nonwovens were first 
described by Duan et al. in 2015 82. The PFS are formed via self-assembly from short EPF 
through freeze-drying of suspensions of cut fibers. Contrary to other systems with nano- and 
microscale structures, the monolithic sponges are easy to handle and do not require any 
attention paid to successful dispersion.  
Cylindrical poly(D,L-lactide) [PLA] scaffolds (Figure 24A) as potential implantable DDS were 
prepared as detailed in 198 and coated with poly(p-xylylene) [PPX] to increase mechanical 
stability (Figure 23) 199. As a pharmaceutical excipient the biodegradable PLA is well 
established and approved by the regulatory agencies for use in parenteral DDS 187.  
PPX cannot be degraded in the body and must therefore only be seen as a model compound 
that will need to be replaced by a more suitable alternative in the future.  
 

 

Figure 23. Preparation of PLA-PPX polymer fiber sponges. 
 
PFS combine the large surface area and small diameters of EPF with a low density, high 
porosity, all-directional open-porous fiber scaffold (Figure 24B). The fabrication process 
allows to freely adjust scaffold diameters and control density and porosity as needed 199. 
After PPX-coating, the sponges possessed a density of 28 mg/cm³ and 98 % porosity. Due to 
their uniform scaffold material, PFS can provide a more well-defined, easily adjustable 
delivery platform than sponges formed through lyophilization that are currently used as DDS, 
e.g., GENTA-COLL® resorb 200.  
 

 

Figure 24. Characteristics of the PFS used in this study. (A) Dry PLA-PPX sponge. (B) SEM image of 
PLA-PPX fiber scaffold. (C) µCT scan of PFS after placing of water or (D) MCT on the surface. (E) 
MCT-filled PFS retaining its shape after oil loading. Modified from 157,200. 
 
The PLA-PPX PFS were highly hydrophobic, with a water contact angle of 144 ° but rapid 
MCT absorption (Figure 24C and D). As characteristic for these systems 201, the PFS can 
hold high volumes of fluid. 34 g MCT per g sponge – 99 % of the theoretically available 
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specific pore volume - could be loaded in the PLA-PPX PFS without losing their form or 
integrity (Figure 24E).  
Besides incorporation of drug within the individual fibers of the scaffold, loading of the PFS 
pore-system with drug solutions could allow the use of PFS DDS that provide user-adjustable 
doses and drug combinations at the point-of-care 202,203. 
PFS-specific release controlling parameters were therefore tested for two scenarios: (a) drug 
encapsulation within the fiber scaffold and (b) liquid loading of the pores with a lipophilic drug 
solution. 
 

(a) Drug-loaded scaffold  
For a drug incorporated within the individual fibers, the duration of the penetration of the 
sponge pores with bodily fluids upon implantation will greatly determine the release rate. The 
high hydrophobicity and poor wetting of the PFS could thus potentially be used to control the 
drug liberation, similar to what was proposed by Yohe et al. for EPF fiber mats 204.  
Infiltration of the PFS with PBS or a 5 % solution of bovine serum albumin [BSA], a model 
liquid for the more surface-active bodily fluids, was followed via µCT and spectral-spatial 
EPR imaging. To assess the impact of air replacement in the scaffold, samples were 
incubated in both closed-bottom and open-bottom sample holders (Table 12). 
 
Table 12. Sample holders used for sponge incubation and liquid-loading results from EPR and µCT 
imaging. Duration of the uptake of different fluids in the nanofiber derived PPX-coated PLA sponges, 
given in days unless stated otherwise. Vertical lines separate the results of individual sponges. 
From 157.  
 

 

Close-bottom 
sample holder 

Open-bottom 
sample holder 

 
EPR µCT EPR µCT 

PBS 168|245|315 131|131|204  28|28|28 -  sponge 

5 % BSA 77 |77| 77 63|70|70 - -  testing fluid 

MCT - 28|42|42 - < 5|< 5 min   

 
 
Results show that, due to the high hydrophobicity of the sponges, PBS penetration (in 
closed-bottom sample holders) is slow, taking between 19 and 45 weeks. Reduced surface 
tension/increased wetting of the sponges through incubation in 5 % BSA reduced that time 
considerably to about 10 weeks. Similar to the release experiments with the NIMO fiber 
mats, results again demonstrate that attention has to be paid to the actual physiological 
conditions present in a potential in vivo setting to realistically model release behavior in vitro. 
The escape of air from within the scaffold also greatly influenced the rate of liquid uptake. A 
slowly shrinking air pocket was encased by the proceeding liquid front inside the PFS in the 
closed-bottom holders (Figure 25). If an escape for air was provided via the open bottom, 
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PBS uptake was complete after only 4 weeks. Surprisingly, air entrapment was also 
observed when sponges were incubated in the lipophilic MCT. Oil uptake was thus prolonged 
from a few seconds to 6 weeks in the closed-bottom holders, showing that this process can 
occur independently from poor wetting. 
Hydrophobicity and gradual air replacement thus both contribute to a slowed uptake of 
aqueous fluids in the PFS and can induce extended release. But these mechanisms can only 
be exploited if the sponges are placed in a cavity that provides protection from mechanical 
pressure, e.g., within a bone or as an intracranial implant. Otherwise, compression of the 
PFS could affect the liquid absorption and consequent release rates. Prolonged delivery of 
nimodipine after brain surgery from the fibers of a PFS implant rather than an EPF mat could 
be one possible application for this unique 3D DDS. 
 

 
Figure 25. μCT scans of the liquid-uptake of PFS incubated in closed-bottom sample holders. Dry 
areas of the PFS are not visible due to the low density of the material. Modified from 157. 
 

(b) Drug-solution filled scaffold 
As carrier scaffolds for oily drug solutions - here represented by MCT - PFS can hold liquid 
lipids in a predetermined shape. This is especially important when aiming for controlled 
release. By controlling surface area and diffusion length, the oil-loaded PFS implants could 
make release kinetics far more predictable than injections of lipophilic drug solutions that 
usually result in oily depots of varying shapes and sizes. Considering the ultra-low density of 
the sponges, the characteristics of a lipid-based formulation - namely solubility enhancing 
properties and good tolerability - would dominate in this hybrid DDS.  
 
Compression experiments were performed to test mechanical stability and oil retention in the 
PFS, both prerequisites for this form of application. Only a minor loss in maximum 
compression was observed for dry and oil-loaded scaffolds after 500 compression cycles, 
indicating good mechanical stability. However, compression of fully MCT-loaded PFS 
resulted in oil release that was not completely reversible, i.e., 3-12 % of the MCT was not 
reabsorbed. As this would lead to varying release profiles, partly oil-loaded PFS were also 
investigated as an alternative. If loading left a void equal to the maximum compression (e.g., 
80 % oil loading and 20 % maximum compression), oil release was still observed, but 
complete MCT reabsorption could be attained. These findings thus again underline the 
susceptibility to mechanical strain inherent to the PFS and the severe implications this can 
have on their suitability as carrier platforms for drug delivery. 
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To better understand the possible interaction between oil and the fiber scaffold, transverse 
magnetization relaxation [T2] distributions and the diffusion coefficients D for free MCT and 
oil immobilized in the PFS were acquired using 1H NMR. 
A large fraction of the oil in the PFS undergoes bulk relaxation. This MCT exists as free liquid 
in the PFS pores. However, different populations of T2 relaxation times also indicate a 
considerable number of oil molecules immobilized at the surface of the PPX-coated fibers 
undergoing surface relaxation (Figure 26A) 205. These spin-spin interactions between the oil 
and the PFS material could be due to MCT-PPX van-der-Waals interactions.  
The diffusion coefficient D was slightly lower for the MCT-loaded PFS than free MCT 
(2.8* 10−10 m2/s and 4.6* 10−10 m2/s at 37 °C, respectively), suggesting that diffusion of the oil 
molecules was slightly restricted by the fiber scaffold 206,207. 
To further evaluate whether the sponge scaffold itself can alter the drug delivery from oily 
drug solutions through oil-fiber interactions and limiting diffusion, the release of the small 
molecule EPR spin-probe 4-Hydroxy-Tempo-d17 [dTempol] from the PFS was studied. The 
release profiles of this model compound were almost identical for both free and immobilized 
MCT, and the influence of the scaffold must thus be seen as negligible (Figure 26B). 
 

 

Figure 26. (A) 1H NMR spectroscopy: exemplary T2 distribution of free MCT (top) and MCT-loaded 
PFS (bottom) at 37 °C. (B) Left: Setup for release study of dTempol from MCT. The red lines indicate 
the interface between oil and PBS, identical for both free MCT and oil immobilized in the scaffolds. 
Right: Release of dTempol from free MCT and MCT-loaded PFS, given as signal amplitude of x-band 
EPR spectroscopy measurements. MCT was spiked with 10 mM dTempol; release was assayed in 
PBS pH 7.4 at 37 °C. Modified from 157.  
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5. SUMMARY AND FUTURE PERSPECTIVES 
Drug delivery systems can be defined as “engineered technologies for the targeted delivery 
and/or controlled release of therapeutic agents” 208. A particular need for such effective DDS 
has long been identified for the BCS class II drugs. Their translation into clinical use is 
primarily impeded by poor aqueous solubility and consequent low oral bioavailability 89, but 
sufficient solubility is also indispensable for many non-oral routes of application. This 
challenge has been addressed by the implementation of the Developability Classification 
System 2, which places special emphasis on the advantage of solubility enhancing 
formulations for solubility limited compounds. Such customized DDS that cater to the 
properties of the particular molecule can permit successful therapy that is otherwise 
unobtainable. 
 
Subject of this work was the development of two very different DDS – a SMEDDS and 
electrospun polymer fibers – as solubility enhancing formulations for the delivery of small-
molecule BCS class II drugs, and to explore their potential to improve the delivery of these 
compounds. A concluding summary of the formulation development and the in vitro and in 
vivo performance of these DDS are outlined in the following section. Based on the 
encouraging results, suggestions are made on how to continue this work on a path to 
possible clinical application. 
 

5.1 Artemisone self-microemulsifying drug delivery system  
The first three publications examine a self-microemulsifying formulation as a solubility 
enhancing DDS for the delivery of artemisone, addressing the drug’s development-restricting 
low aqueous solubility and poor stability.  
A suitable DDS for ART is of particular interest because the antimalarial proved superior to 
the currently commercially available artemisinin derivatives 119,120. In addition, ART also 
showed promising results when tested against schistosomiasis and a broad range of other 
diseases, clearly indicating the benefit to large numbers of patients if suitable ART 
formulations are made available 106–109,112–115. 
As a first step, the systematic characterization of ART solubility and aqueous stability 
increased the understanding of these main properties, making a more rational formulation 
design approach possible than what had hitherto been attempted in previous works 132.  
Experiments also confirmed the excellent capability of lipid-based excipients to increase the 
solubility of the drug. Based on these findings, a SMEDDS system was developed as DDS 
for ART. It is comprised of mainly safe and routinely used excipients, the only exception 
being the inclusion of the isosorbide diester Polysorb ID 46 as a novel pharmaceutical 
ingredient. Besides good stability and rapid self-emulsification, the water-free SMEDDS 
(SMEDDS-100) promises a low cost of production due to the fairly affordable ingredients and 
easy scale-up of the manufacturing process, a simple single mixing step.  
Extensive physicochemical characterization of the carrier and its behavior provided a 
comprehensive understanding of the system and the microstructures formed upon self-
emulsification. Experiments also identified two SMEDDS-100-based microemulsions, 
SMEDDS-50 and SMEDDS-20 (50 % water with a bicontinuous structure and 80 % water 
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resulting in clustered micelles, respectively), as additional suitable ART DDS for in vivo 
testing. 
Due to the meticulous formulation design, SMEDDS-100 proved to be an effective solvent for 
ART, increasing solubility 660 fold compared to PBS (to 59 mg ART/g SMEDDS) and 
preventing precipitation during self-emulsification, even at high water volume fractions. ART 
exhibited good storage stability when dissolved in the water-free SMEDDS-100. Contrary to 
its poor aqueous stability, the drug also only showed negligible degradation in SMEDDS-50. 
This could be attributed this to the protection of the drug within the lipid domains of the 
bicontinuous microemulsion 34–36, possibly also protecting ART from the acidic aqueous 
environment in the upper GIT after oral administration. 
 
In a first in vitro experiment, ART-loaded SMEDDS proved successful against P. falciparum, 
the human malaria parasite mainly responsible for severe and cerebral malaria. 
The formulation’s ability to deliver ART and the consequent efficacy were then tested in in 
vivo models of murine cerebral malaria and schistosomiasis.  
A dose of 40 mg/kg bodyweight ART dissolved in SMEDDS-20 was very efficacious against 
Schistosoma mansoni in mice. While the placebo had no effect, treatment with the drug-
loaded formulation showed similar activity to a suspension of 400-450 mg/kg ART 113. The 
90 % reduction in the required dose strongly points to a greatly increased oral bioavailability 
from SMEDDS-20. 
In murine cerebral malaria, clear dose-dependence was established with 20 mg/kg 
bodyweight ART as the optimal daily dose for oral treatment. ART serum concentrations 
measured via HPLC-MS show that the self-microemulsifying system dramatically increased 
oral ART delivery around 50 to 100-fold compared to a suspension of the crystalline drug 
described by Gibhard et al. 126. The results illustrate that good oral bioavailability of the poorly 
soluble BCS class II drug ART can be made possible with a carefully tailored enabling 
formulation. 
Further pre-clinical testing in mice provided answers to questions related to the choice of 
dosing regimen, route of application, pharmacokinetics, and resulting therapeutic efficacy of 
the DDS. When treatment frequency and delivery route are chosen correctly, a complete 
cure of murine cerebral malaria is achieved with the SMEDDS formulation.  
Comparative experiments showed a decisive advantage in delivering a split dose given twice 
per day, over once-daily administration of the entire amount of drug. Consequently, only a 
reduced individual dose is needed if an optimized treatment scheme is applied, reducing the 
risk of dose-related toxicity. 
Besides oral administration, the formulation also allows successful ART delivery via the 
intranasal and transdermal routes as well as intraperitoneally. Intranasal administration is 
more effective than oral delivery, while i.p. injections of drug loaded SMEDDS-20 were least 
successful. Transdermal application of ART led to high drug serum concentrations and could 
eradicate the malaria parasites in mice at drug doses similar to what was administered orally. 
The good penetration behavior suggests that delivery into specific areas of the skin might 
also be possible with the carrier for indications requiring local treatment.  
Taken together, the results demonstrate that the excellent performance of the developed 
self-microemulsifying formulation is reached through the combination of high drug solubility, 
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stability, and consequent good bioavailability, strongly underlining the importance of the right 
DDS for further clinical success of artemisone. 
 
To the author´s knowledge, there are currently no other as-comprehensively studied, efficient 
DDS for the delivery of ART. However, further development and additional exhaustive 
preclinical testing of the formulation will be necessary to safely promote the system’s 
possible translation into clinical practice. 
Two important aspects that were not studied in detail in this work but will need close attention 
are the effect of food on the oral ART uptake from the carrier and the toxicity of the 
formulation on a cellular level. Though a pronounced food effect is commonly not expected 
for LFCS Type III formulations, in vitro and in vivo studies to confirm this assumption are vital 
to guarantee reliable, reproducible bioavailability for a safe and effective therapy. 
Considering the rapid degradation of ART under acidic conditions, filling in capsules with an 
enteric coating could be tried to obtain additional protection of the drug from the acidic 
stomach contents. 
No apparent toxicity was observed for the formulation in the animal experiments. But 
mucosal damage on the nasal epithelium and irritation of the lining of the GIT cannot be 
entirely ruled out due to the high percentage of surfactant and should be examined more 
closely in histological studies.    
 
More pre-clinical in vivo testing will complete the understanding of the pharmacokinetics of 
ART in the DDS. With respect to ethical considerations, only limited data on drug serum 
concentrations were obtained. But given the favorable results, a more comprehensive 
examination with an increased number of time points is justified.  
Possible further studies should compare drug uptake and efficacy of treatment for the ART-
loaded SMEDDS and crystalline drug within the same experiment to better quantify the 
absorption-enhancing effect of the formulation. Detailed serum concentration time curves for 
oral, i.p., intranasal, and transcutaneous delivery should be obtained to more thoroughly 
understand the mechanisms that cause different treatment outcomes. In the case of 
intranasal application, drug concentrations in the brain should also be quantified. An even 
more exact prediction of the absorption kinetics can then be used to adapt this versatile 
formulation for the use against other identified ART targets and provide additional options to 
test for the treatment of these diseases. 
Considering ART’s good transcutaneous bioavailability, the development of a transdermal 
therapeutic system based on the SMEDDS might be attempted. Prolonged constant serum 
concentrations may thus be accessible, effectively counterbalancing the drug’s relatively 
short half-life.  
Drug delivery could also be directed locally into the affected tissue in skin diseases such as 
cutaneous tuberculosis 209 and melanoma 106. SMEDDS-20 applied as a topical ART spray 
has already been tested to treat cutaneous leishmaniosis. Following the treatment, there was 
a significant inhibition of the development of lesions caused by Leishmania major in BLAB/c 
mice (data is currently being prepared for publication). 
Finally, SMEDDS formulations for ART should ideally be suited to the prerequisites for use in 
malaria- and schistosomiasis-endemic areas and allow safe treatment, even in the absence 
of professional medical care. Patient safety could be increased if single-dose units such as 
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SMEDDS-filled capsules are made available, ruling out incorrect dosing of liquid DDS, a 
common cause for medication dosing errors. A suitable option should be designed for 
vomiting or comatose patients and young children, using either the intranasal or transdermal 
route offered by the SMEDDS. Additional stability testing should be performed according to 
the requirements for the appropriate ICH climatic stability zones 210. Only if the formulation 
meets all the requirements of the real-life situation can it improve the therapy and contribute 
to the critical fight against malaria, schistosomiasis, and other diseases. 

 

5.2 Electrospun polymer fibers 
Publication IV and V investigate different aspects of drug release from two electrospun 
polymer fiber systems. Electrospun non-wovens have been shown to hold great potential in 
drug delivery but have not yet entered the market as commercial drug delivery platforms. 
Electrospinning allows the incorporation of drugs in a micro- to nanosize polymer matrix as 
amorphous solid dispersions, improving dissolution rate and solubility. As solubility 
enhancing formulation technique, it is thus of especial interest for the delivery of poorly 
soluble compounds. The correct choice of process parameters and combination of drug and 
polymer also allows uniting an increase in bioavailability with a sustained release over 
several days to weeks. 
The introduction of three-dimensional EPF-based scaffolds can further broaden the range of 
available electrospun materials as DDS. Their compact 3D scaffold provides an alternative to 
the sheet-like fiber mats usually obtained through electrospinning, and their unique 
properties offer additional mechanisms to modify and control drug release from polymer 
fibers.  
 
The intracranial site-specific delivery of the BCS class II calcium antagonist nimodipine to 
improve the outcome of aneurismal subarachnoid hemorrhage, vestibular schwannoma and 
maxillofacial surgery has been attempted with several DDS 153–155,211–214. However, no such 
formulation is currently available. Publication IV explores a NIMO-releasing electrospun fiber 
mat as an easily manufactured, stable DDS for local therapy in the brain. The work focuses 
mainly on drug incorporation and the resulting release profile. 
A successful blend electrospinning process reliably produced PLGA NIMO fiber mates with 
excellent encapsulation efficiency and a narrow fiber diameter distribution for 1 % and 10 % 
drug load. The drug was incorporated in the fiber matrix in the amorphous state, and the 
amorphous solid dispersion remained stable over at least 6 months. DSC analysis revealed 
the influence of both the electrospinning process and the drug incorporation on polymer 
chain mobility and thus the Tg of the EPF.  
The influence of release conditions on the EPF is still only rarely included in the studies of 
fiber-based DDS and was therefore particularly closely examined in this work. Incubation in a 
standardized surfactant solution release medium led to a complete loss of the fiber geometry. 
The specific advantages of EPF, their micron sized structures and large surface area, were 
thus undone. The results emphasize the importance of looking beyond the often practiced 
use of just one buffer solution as standard medium for in vitro release studies. While 
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incubation in the surfactant solution resulted in a strong burst release, linear release over 
several days was achieved when fiber mats were incubated in cell culture media.  
It could be demonstrated that the NIMO EPF possess excellent compatibility with different 
brain cell lines in vitro and provided the therapeutically desired cytoprotective effect. Cell 
death in stressed cells was significantly reduced when incubated with the drug-releasing fiber 
mats, suggesting a beneficial therapeutic outcome for local NIMO therapy with electrospun 
nonwovens.  
 
Thus, EPF appeared to be a well-suited DDS for intracranial local NIMO delivery due to easy 
manufacturing, good drug stability, and excellent compatibility with the relevant brain cell 
types.  
However, the delivery rate of NIMO still needs to be better understood and adjusted to 
provide the desirable prolonged, steady release reliably. The choice of a higher molecular 
weight PLGA, a blend with a different polymer, crosslinking or a coating of the fiber matrix 
could be tested to enhance the form-stability of the EPF during release. Ultimately, to retain 
individual fibers and guarantee a more strictly controlled release, a Tg of the fiber mat well 
above 37 °C after water uptake upon incubation should be obtained while also preserving 
compatibility between drug and matrix polymer. 
Considering the effect of the release medium on release kinetics, drug delivery should then 
be studied in artificial cerebrospinal fluid to allow a more realistic assessment. 
The compatibility between the fiber mats and brain tissue in vivo rather than individual cell 
lines will need to be ascertained to further confirm the excellent suitability of EPF for site-
specific intracranial delivery. As such, electrospun nonwovens as a widely adaptable, 
solubility enhancing DDS could close a pivotal gap in patient care in neurosurgery where 
local delivery to specific brain areas is still only available for very few of the possible 
indications. 
 
The specific characteristics of release from PLA-PPX-coated PFS are examined in 
publication V. The performance of the short electrospun fiber based sponges has been 
tested in a variety of different fields such as insulation 215, as catalysts 216, emulsion 
separators 217, and in tissue engineering 198. But their potential as DDS has not yet been 
methodically evaluated. Publication V thus presents a first systematic assessment of factors 
governing the drug release inherent to the PFS with their extreme porosity and strong 
lipophilicity.  
Drug loading in PFS can potentially be achieved by incorporation within the fiber matrix. But 
the high porosity of the sponge also allows loading with drug solutions after scaffold 
preparation. Both methods were considered in this study. Implantation was seen as the main 
route of application. 
The extremely slow uptake of aqueous fluids into the pores of the PFS was identified as a 
potential mechanism to prolong drug release from these systems. Depending on 
experimental conditions, complete water saturation, a prerequisite for successful drug 
delivery from drug-loaded fiber scaffolds, can take 4-45 weeks. Noninvasive µCT and EPR 
imaging revealed that liquid penetration was mainly controlled by possible air entrapment in 
the PFS 3D structure and the surface activity of the aqueous incubation medium. 
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Loading with lipophilic/oily drug solutions could make PFS patient-individual DDS with high 
flexibility regarding drug, drug combinations, and dose. As an essentially fiber-reinforced 
lipid-based delivery system, they also offer the benefit of enhanced solubility for a variety of 
different poorly soluble compounds. 
PFS showed good mechanical stability and oil retention after loading with the oil MCT. 
1H NMR measurements of T2 distributions and diffusion coefficients revealed an interaction of 
the oil with the fiber scaffold and a restriction on distribution. Still, no significant effect was 
observed on the actual release of a small molecule model drug from the PFS. 
 
The results provide a first broad overview of the mechanisms governing release from the 
PFS as novel DDS. For further studies the PPX-coating should be replaced by a 
biodegradable material because the more desirable coating with a polymer more suitable for 
clinical use might considerably change the sponges’ characteristics. 
Liquid uptake should be tested with a larger number of samples as results varied greatly for 
some setups. Also, considering the influence of the surface-active protein BSA on the water 
uptake, liquid penetration should ideally be tested with human serum or a very close 
substitute to create more realistic experimental conditions. Similar to what has been done for 
the NIMO nonwovens, the PFS should be examined after incubations via electron 
microscopy to notice any changes in fiber morphology that could also influence drug release. 
To test actual drug release from PFS, a small-molecule drug should be electrospun into the 
fibers of scaffolds.  
One such drug that could potentially benefit from the controlled delivery from PFS scaffolds 
is nimodipine. The sponges appear to be particularly well suited as intracranial implants. The 
scull provides protection from mechanical pressure and deformation of the PFS. At the same 
time, the soft scaffold material and the, compared to EPF, more compact geometry of the 
PFS could be advantageous for implantation in the sensitive brain tissue.   
As a whole, carrying on the work already done on the release from polymer fiber sponges is 
highly expedient. No carrier system similar to these very versatile, easily adjustable scaffolds 
has been proposed or made available yet. The polymer fiber sponges can thus offer 
completely novel and unique features, applications, and advantages in drug delivery and 
patient care. 
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Publication I 
 

Zech J, Gold D, Salaymeh N, Sasson NC, Rabinowitch I, Golenser J, et al. Oral 

administration of artemisone for the treatment of schistosomiasis: Formulation challenges 

and in vivo efficacy. Pharmaceutics 2020; 12. 

 https://doi.org/10.3390/pharmaceutics12060509 

Supplementary material:  

https://www.mdpi.com/1999-4923/12/6/509#supplementary 

 

Abstract: Artemisone is an innovative artemisinin derivative with applications in the 

treatment of malaria, schistosomiasis and other diseases. However, its low aqueous 

solubility and tendency to degrade after solubilisation limits the translation of this drug into 

clinical practice. We developed a self-microemulsifying drug delivery system (SMEDDS), 

which is easy to produce (simple mixing) with a high drug load. In addition to known 

pharmaceutical excipients (Capmul MCM, Kolliphor HS15, propylene glycol), we identified 

Polysorb ID 46 as a beneficial new additional excipient. The physicochemical properties were 

characterized by dynamic light scattering, conductivity measurements, rheology and electron 

microscopy. High storage stability, even at 30 °C, was achieved. The orally administrated 

artemisone SMEDDS formulation was highly active in vivo in S. mansoni infected mice. 

Thorough elimination of the adult worms, their eggs and prevention of the deleterious 

granuloma formation in the livers of infected mice was observed even at a relatively low dose 

of the drug. The new formulation has a high potential to accelerate the clinical use of 

artemisone in schistosomiasis and malaria.  

https://doi.org/10.3390/pharmaceutics12060509
https://www.mdpi.com/1999-4923/12/6/509#supplementary


 

 

Publication II 
 

Zech J, Salaymeh N, Hunt NH, Mäder K, Golenser J. Efficient treatment of experimental 

cerebral malaria by an artemisone-SMEDDS system: Impact of application route and dosing 

frequency. Antimicrob Agents Chemother 2021; 65. 

https://doi.org/10.1128/AAC.02106-20 

 

Abstract: Artemisone (ART) has been successfully tested in vitro and in animal models 

against several diseases. However, its poor aqueous solubility and limited chemical stability 

are serious challenges. We developed a self-microemulsifying drug delivery system 

(SMEDDS) that overcomes these limitations. Here, we demonstrate the efficacy of this 

formulation against experimental cerebral malaria in mice and the impact of its administration 

using different routes (gavage, intranasal delivery, and parenteral injections) and frequency 

on the efficacy of the treatment. The minimal effective daily oral dose was 20 mg/kg. We 

found that splitting a dose of 20 mg/ kg ART given every 24 h, by administering two doses of 

10 mg/kg each every 12 h, was highly effective and gave far superior results compared to 

20 mg/kg once daily. We obtained the best results with nasal treatment; oral treatment was 

ranked second, and the least effective route of administration was intraperitoneal injection. A 

complete cure of experimental cerebral malaria could be achieved through choosing the 

optimal route of application, dose, and dosing interval. Altogether, the developed formulation 

combines easy manufacturing with high stability and could be a successful and very versatile 

carrier for the delivery of ART in the treatment of human severe malaria. 

 

  

https://doi.org/10.1128/AAC.02106-20


 

 

Publication III 
 

Zech J, Dzikowski R, Simantov K, Golenser J, Mäder K. Transdermal delivery of artemisinins 

for treatment of pre-clinical cerebral malaria. Int J Parasitol Drugs Drug Resist 2021; 16: 

148–54. 

https://doi.org/10.1016/j.ijpddr.2021.05.008 

 

Abstract: Transdermal drug delivery avoids complications related to oral or parenteral 

delivery - the need for sterility, contamination, gastrointestinal side effects, patient 

unconsciousness or nausea and compliance. For malaria treatment, we demonstrate 

successful novel transdermal delivery of artemisone (ART) and artesunate. The incorporation 

of ART into a microemulsion (ME) overcomes the limitations of the lipophilic drug and 

provides high transcutaneous bioavailability. ART delivery to the blood (above 500 ng/ml) 

was proved by examining the sera from treated mice, using a bioassay in cultured 

Plasmodium falciparum. Skin spraying of ART-ME eliminated P. berghei ANKA in an infected 

mouse model of cerebral malaria (CM) and prevented CM, even after a late treatment with a 

relatively small amount of ART (13.3 mg/kg). For comparison, the artesunate (the most used 

commercial artemisinin) formulation was prepared as ART. However, ART-ME was about 

three times more efficient than artesunate-ME. The solubility and stability of ART in the ME, 

taken together with the successful transdermal delivery leading to animal recovery, suggest 

this formulation as a potential candidate for trans- dermal treatment of malaria. 
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Publication IV 
 

Zech J, Leisz S, Göttel B, Syrowatka F, Greiner A, Strauss C, et al. Electrospun Nimodipine-

loaded fibers for nerve regeneration: Development and in vitro performance. Eur J Pharm 

Biopharm 2020; 151:116–26. 

https://doi.org/10.1016/j.ejpb.2020.03.021 

 

Abstract: Nimodipine is a 1,4-Dihydropyridine type calcium antagonist routinely used to 

control blood pressure and reduce the risk of secondary ischemia after aneurismal 

subarachnoid hemorrhage. Additionally, Nimodipine has unique neuroprotective properties. 

With respect to brain related applications, the full potential of the desired local effect can 

often not be realized after systemic administration due to systemic side effects. Therefore, it 

was our aim to develop a biodegradable drug delivery system for the local controlled release 

of the drug inside the brain. As a suitable and biodegradable system we successfully 

electrospun PLGA fibers containing 1 and 10% drug. 

The results of DSC and X-Ray diffractometry measurements indicate that Nimodipine was 

incorporated in the polymer matrix in the amorphous state. No drug recrystallization was 

detected for up to 6 months. Electron- beam sterilization was tried but reduced the drug 

content of the fiber mats considerably. A sustained drug release over 4–8 days was 

observed, highly depended on release conditions. The Nimodipine fiber mats exhibited no 

cell toxicity. In contrast, the electrospun fibers were able to significantly reduce cell death in 

in vitro cell models of oxidative, osmotic and heat-induced cell stress in Schwann cells, 

neuronal cells as well as immortalized and primary astrocytes. Therefore, electrospun 

Nimodipine loaded PLGA fibers represent a promising drug delivery system to realize the 

drug´s benefits for its intracranial use.  

https://doi.org/10.1016/j.ejpb.2020.03.021


 

 

Publication V 
 

Zech J, Mader M, Gündel D, Metz H, Odparlik A, Agarwal S, et al. Noninvasive 

characterization (EPR, μCT, NMR) of 3D PLA electrospun fiber sponges for controlled drug 

delivery. Int J Pharm X 2020; 2.  

https://doi.org/10.1016/j.ijpx.2020.100055 

Supplementary material:  

https://www.sciencedirect.com/science/article/pii/S2590156720300177#s0135 

 

Abstract: Highly porous 3D-scaffolds, made from cut, electrospun PLA fibers, are relatively 

new and promising systems for controlled drug-delivery applications. Because knowledge 

concerning fundamental processes of drug delivery from those scaffolds is limited, we 

noninvasively characterized drug-loading and drug-release mechanisms of these polymer-

fiber sponges (PFS). We screened simplified PFS-implantation scenarios with EPR and μCT 

to quantify and 3D-visualize the absorption of model-biofluids and an oil, a possible drug-

loading liquid. Saturation of PFS (6 × 8 mm, h x d) is governed by the high hydrophobicity of 

the material and air-entrapment. It required up to 45 weeks for phosphate-buffered saline 

and 11 weeks for a more physiological, surface-active protein- solution, indicating the slow 

fluid-uptake of PFS as an effective mechanism to substantially prolong the release of a drug 

incorporated within the scaffold. Medium-chain triglycerides, as a good wetting liquid, 

saturated PFS within seconds, suggesting PFS potential to serve as carrier-vessels for 

immobilizing hydrophobic drug-solutions to define a liquid's 3D-interface. Oil-retention under 

mechanical stress was therefore investigated. 1H NMR permitted insights into PFS-oil 

interaction, confirming surface-relaxation and restricted diffusion; both did not influence drug 

release from oil-loaded PFS. Results facilitate better understanding of PFS and their 

potential use in drug delivery. 
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