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Summary 

Poor aqueous drug solubility and therefore poor oral bioavailability is a source of 
attrition in drug development, preventing potentially efficient drug candidates from further 
development towards the benefit for patients. Therefore, drug delivery systems to increase 
the oral bioavailability of such drugs is of great interest. Amorphous solid dispersions 
(ASDs) are a promising delivery platform to address these challenges. In ASDs, the drug 
substance is molecularly dispersed in a solid polymer matrix. Although their potential to 
enhance drug absorption has been proven, they are not yet frequently used in drug 
development. Reasons are the complexity of ASDs concerning their production and 
formulation development as well as the poor predictability of technical feasibilities and 
clinical outcomes. Up to date, underlying mechanisms in these areas are incompletely 
understood, which impedes the rational application of ASDs in drug development. 

This PhD thesis aimed to gain mechanistic insights related to the use of ASDs in 
drug development and thereby to facilitate their application as enabling formulation for 
poorly soluble drug candidates. Concretely, this was accomplished by: 

i. Establishing a mechanistic model of the production of ASDs though hot-melt 
extrusion, facilitating rational and efficient process development. 

ii. Analyzing current literature on mechanisms whereby ASDs increased 
bioavailability, proposing mechanistic concepts of increased bioavailability to 
assist in formulation development and research on ASDs. 

iii. Optimizing an exemplary ASDs through the addition of excipients and 
investigating their impact on formulation performance in silico, in vitro and 
in vivo. 

iv. Analyzing mechanisms of increased bioavailability through ASDs in a 
prospective clinical study in humans, aiming to validate translational 
approaches in formulation development. 

The results of this thesis contribute to the advanced scientific understanding in the 
use of ASDs for drug delivery and the facilitation of the rational and translational 
development of ASDs as an enabling formulation platform for the oral delivery of poorly 
soluble drugs. 
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Summary for Non-Specialists 

An increasing fraction of molecules in drug development are poorly water-soluble. 
Such drug candidates could potentially treat diseases, but their applicability is limited due 
to the typical poor drug uptake to the blood after oral ingestion. Therefore, many of these 
drug candidates are excluded in the course of the drug development process, leading to a 
high fraction of dropouts and thus reducing the overall drug development efficiency. 

The development of methods to increase the uptake of such drug candidates, i.e. by 
increasing solubility, are therefore of great interest. Amorphous solid dispersions (ASDs) 
are a promising technology platform that can facilitate drug uptake. In ASDs, the drug 
substance is molecularly dispersed in a solid matrix, transforming the drug into a glassy 
state, which has a direct impact on drug behavior, notably its solubility. While the potential 
of ASDs is recognized, this technology is not yet frequently applied in drug development. 
Reasons are that ASDs are complex to produce, the development of their composition is 
challenging, and their beneficial effect in patients is not guaranteed. Up to date, underlying 
mechanisms in these areas are understood incompletely, which impedes the rational 
application of ASDs in drug development. 

This PhD thesis aimed to gain mechanistic insights related to the use of ASDs in 
drug development in order to facilitate their successful application for poorly soluble drugs. 
Concretely, this was accomplished by: 

i. Establishing a mechanistic understanding of the production of ASDs through 
the hot-melt extrusion process, creating a mathematical model to facilitate the 
rational and efficient development of this production method. 

ii. Analyzing and conceptualizing current research on mechanisms whereby ASDs 
increase the uptake of drug into the blood, proposing a theoretical basis for 
medicine development and research on ASDs. 

iii. Optimizing an exemplary ASDs through the addition of additives and 
investigating the impact of these additives on medicine performance in a 
preclinical setting. 

iv. Analyzing the uptake of drug from ASDs in a prospective clinical study, 
deepening the understanding of underlying mechanisms in humans and 
validating the translation from preclinical development to clinical outcomes. 

The results of this thesis contribute to the advanced application of ASDs in medicines and 
facilitate their development from the production process to the application in humans, 
aiming to enable the development of more medicines for the benefit of patients.  
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Zusammenfassung für Nichtfachkundige 

Ein zunhemender Anteil von Molekülen in der Medikamentenentwicklung ist schwer 
wasserlöslich. Solche Wirkstoffe sind zwar potentiell wirksam, aber ihre Anwendung wird 
erschwert durch die schlechte Aufnahme ins Blut nach oraler Einnahme. Deshalb werden 
viele dieser Wirkstoffe schon früh aus der Entwicklung ausgeschlossen, was wiederum die 
Effizienz des Entwicklungsprozesses von Medikamenten beeinträchtigt. 

Die Entwicklung von Methoden, welche die Aufnahme von Wirkstoffen ins Blut 
durch eine verbesserte Löslichkeit erhöhen, ist deshalb von grossem Interesse. Amorphe 
Feststoffdispersionen (AFD) sind eine solche Technologie. In AFD liegt der Wirkstoff in 
einer glasigen Form vor, was direkte Auswirkungen auf dessen Verhalten hat, insbesondere 
dessen Löslichkeit. Obwohl das Potential von AFD anerkannt ist, wird diese Technologie 
in der Medikamentenentwicklung heute nicht regelmässig angewendet. Gründe dafür sind 
die komplizierte Herstellung und Entwicklung von AFD sowie dass positive Resultate im 
Patienten nicht garantiert sind. Zudem sind heute die Mechanismen, welche zu erhöhten 
Aufnahme führen, nur teilweise bekannt. Dies erschwert eine rationale Entwicklung. 

Diese Doktorarbeit hat zum Ziel, das mechanistische Verständnis der Anwendung 
von AFD in der Medikamentenentwicklung zu stärken. Sie unterstützt damit die 
erfolgreiche Entwicklung von schwerlöslichen Wirkstoffen. Dies wurde erreicht durch: 

i. Die Erarbeitung des mechanistischen Verständnisses der Produktion von AFD 
mittels Schmelzextrusion. Dazu wurde ein mathematisches Modell erstellt, 
welches die rationale und effiziente Entwicklung des Herstellungsprozesses 
unterstützt. 

ii. Die Analyse und Strukturierung aktueller Forschungsberichte zu 
Mechanismen, welche die Wirkstoffaufnahme erhöhen. Dies dient als 
theoretische Basis für die weitere Erforschung und Entwicklung von AFD. 

iii. Die Optimierung einer beispielhaften AFD durch den Gebrauch von 
Hilfsstoffen sowie die Untersuchung des Einflusses dieser Hilfsstoffe. 

iv. Die Untersuchung der Wirkstoffaufnahme von AFD in einer prospektiven 
klinischen Studie. Diese stärkt das Verständnis der Mechanismen, welche die 
Wirkstoffaufname im Menschen beinflussen, sowie die Aussagekraft von 
präklinischen Daten zu Resultaten im Menschen. 

Die Resultate dieser Arbeit tragen zu verbesserten Anwendung von AFD in 
Medikamenten bei und unterstützen deren Entwicklung vom Produktionsprozess bis hin 
zur Anwendung im Menschen. Sie kann dazu beisteuern, die Entwicklung von 
schweröslichen Wirkstoffen zu Medikamenten für Patienten zu ermöglichen.  
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1 Introduction 

he use of medicines is assumed to go back to prehistorical times1 and in 
particular in modern history had a substantial impact on humanity: The life 
expectancy at birth in the United States increased by almost 30 years to 77 

years since 1900. Pharmaceutical innovation has been identified as a significant reason for 
this public health improvement2,3. Nowadays, global medicine spending is predicted to reach 
nearly 1.5 trillion U.S. dollars by 20214, indicating its importance in our society from a 
health and economic point of view. Regarding the impact of medicines, this development is 
driven by pharmaceutical sciences, an interdisciplinary and translational field of science 
that aims to increase understanding and capabilities in discovering, developing and applying 
medicines for therapies against human disease3. 

The present thesis aims to contribute to the application of amorphous solid 
dispersions (ASDs) as an enabling platform for the development of medicines from poorly 
soluble drugs. This chapter will introduce the drug development process and highlight why 
platforms for the development of poorly soluble drugs are required (section 1.1). Following, 
possible solutions to this problem are introduced (section 1.2), with a focus on ASDs (section 
1.3). In the end, current challenges in the use of this technology in drug development are 
outlined (section 1.4). For a more detailed introduction to the individual sub-topics of this 
thesis, readers are asked to refer to the corresponding sections in the results (section 3). 

T 
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1.1 The Drug Development Process and its Challenges 

This section introduces three challenges in drug development relevant for this thesis: 
High attrition rates (section 1.1.1), the development of medicines out of the bulk of the 
drug (pharmaceutics, section 1.1.2), and the transformation of results from basic 
experiments to use for patients (section 1.1.3). 

1.1.1 The Drug Development Process and the Problem of Attrition 
Rates 

Today’s drug development process is a complex process based on screening molecules 
(drug candidates) for their suitability to efficiently treat a target disease. Although the 
process heavily depends on project-specific factors such as the targeted disease or the route 
of administration5, some general phases in drug development can be distinguished5,6: 

i. Target to hit 
At the beginning of drug development stands the target identification and 
validation as a point of attack to treat the disease. Subsequently, with the 
help of a suitable assay, an activity screening of whole molecule databases, 
possibly generated by combinational chemistry, is performed5. Molecules with 
activity on the target are referred to as hits. 

ii. Hit to lead 
Based on the results of the activity screening, new molecules are designed and 
synthesized to optimize the molecules’ activity. For promising candidates 
(leads), first physicochemical, pharmacokinetic, and toxicological properties 
are investigated. If these investigations deliver poor results, the molecule is 
redesigned5. 

iii. Lead optimization 
Best leads are optimized and assessed in more detail, expanding the methods 
to in vivo tests. Unsuitable molecules are excluded or considered for molecular 
redesign5. 

iv. Preclinical phase 
In the context of the development process, the preclinical phase refers to the 
preparation of clinical trials, especially toxicity estimations in vitro and in vivo 
according to good laboratory practice (GLP) standards7. Often, preclinical 
research is also referred to as the broader range of research activities before 
the first clinical trials5. 
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v. Clinical phase I 
In the first clinical phase, the drug candidate is administered to a small number 
of healthy volunteers. Results are the estimation of tolerability and toxicity, 
pharmacokinetics, and sometimes also early estimates on 
pharmacodynamics8,9. 

vi. Clinical phase II 
Based on results from phase I, first efficacy studies in patients are performed 
to identify suitable doses and regimens8,9. 

vii. Clinical phase III 
In the third clinical phase, studies in a larger and broader patient population 
are conducted, mainly to prove therapeutic benefits and safety. Results will be 
an essential basis for drug registration8,9. 

viii. Submission 
The final phase is the completion and collection of all data required for 
submission of the drug registration application to the regulatory authorities5. 

Consequently, a very high fraction of molecules is excluded from development due to 
unsuitable properties. This fraction is also referred to as ‘attrition rate’. In average, 10’000 
screened drug molecules result in 1-2 marketed medicines10. Even in the later, more 
expensive phase of drug development, the chance of a drug molecule to advance from the 
first trial in humans to the market is only 9%11. The higher the attrition rate, the lower the 
chance to develop a medicine for patients and therefore, the higher the risks and costs6. 
Table 1 shows the attrition rate at the different stages of drug development. 

Table 1 Average drug development process characteristics per phase (years 2000-2007): 
Attrition rate, duration, and cost per drug development stage. Selected data from Paul 
et al.6. 

The attrition rate depends on different factors, such as the therapeutic mechanism 
and indication of the drug12, organizational concepts in drug development, and properties 
of the drug molecules. In the context of this thesis, the latter two will be introduced in 
more detail as follows. 
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Organizational principles have a crucial impact on drug development productivity 
and attrition rates. The development of drugs is a highly interdisciplinary process, which 
involves expertise from a vast number of scientific disciplines, but also non-scientific inputs 
such as regulatory or management expertise5. Today’s organizational principles in drug 
development still can be categorized in the above-described phases. However, in the attempt 
to decrease attrition rates in the late 1990ies, these phases were more and more interlinked 
from an organizational point of view: Experts from all different backgrounds were involved 
in all phases, which is also referred to as ‘translational drug development’13,14, using tools 
as ‘the road map to increased bioavailability’15. Such approaches have the advantage that 
from the beginning of development, the selection of molecules is also based on properties 
required in later development, enabling for attrition of unsuitable molecules as early as 
possible6. From a scientific point of view, this approach needs predictive tools in order to 
estimate a molecule's potential in later development based on properties that are easy to 
acquire in the early development13. Examples of such tools are the ‘Lipinski’s rules of 5’11 
or the biopharmaceutical classification system (BCS; refer to section 1.2.1). For many 
scientific questions in drug development, however, predictive tools are rare and not 
elaborated in depth13. Their development is highly laborious and requires an understanding 
of underlying mechanisms or large datasets. However, to advance translational drug 
development, predictive tools are of high interest. This thesis aims to address the incomplete 
mechanistic understanding regarding the use of ASDs in drug development (refer to section 
1.4). 

Furthermore, drug properties have a direct impact on attrition rates. The ability of 
a drug candidate to be developed into medicine is also referred to as drugability16. The 
range of drug properties that are considered to be developable into medicines (druggable) 
can be referred to as the druggable space17. A critical drug property defining the druggable 
space is solubility. Poorly soluble drug molecules have a substantially higher attrition rate 
than highly soluble drugs (Figure 1 a): Although the majority of drug candidates in the 
pipeline are poorly water-soluble drug candidates (BCS classes II and IV, refer to section 
1.2.1), they are only a minority on the market18. This is also reflected in a further statistic: 
A common problem of poor drug solubility is their poor bioavailability (refer to section 
1.2.1). Since 1991, the overall fraction of drug candidate drop-outs for pharmacokinetic 
reasons in clinical phases already could be reduced due to advances in preclinical drug 
characterization19, shifting the attrition of such compounds to earlier phases. However, a 
more recent analysis of reasons for attrition among the drug development process (years 
2000-2010)20 shows that in clinical phase I, approximately 25% of the attrition is still due 
to poor bioavailability or pharmacokinetic properties (Figure 1 b). Therefore, methods to 
enable the development of poorly soluble drugs are of high interest to increase drug 
development productivity and the druggable space16. Such technology platforms are 
introduced in section 1.2, with a focus on ASDs, the topic of this thesis, in section 1.3. 
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Figure 1 Attrition statistics in drug development. a Distribution of BCS classes among 
drugs in the pipeline and medicines on the market show distinct attrition of the poorly 
soluble BCS classes II and IV. b Reasons for attrition among the development process. 
Attrition due to pharmacokinetic (PK) or bioavailability (BA) problems is highest in phase 
I (25%) due to incomplete exclusion in the candidate nomination process (Cand. nom.). 
Figures adapted from Waring et al.20 and Lipp18. 

1.1.2 Transforming Drugs to Medicines: Pharmaceutics and Drug 
Delivery 

One part of drug development is the transformation of the bulk of drug substances 
(also active pharmaceutical ingredient, API) into medicines (final drug products) which can 
be administered to patients. This thesis focuses on one enabling technology within this 
transformation. The scientific field within pharmaceutical sciences that focuses on this 
transformation is referred to as pharmaceutics and encompasses the scientific and 
technological aspects of21: 

i. The understanding of mechanisms relevant to the development of medicines, 
especially physicochemical aspects (physical pharmaceutics) and physiological 
aspects (biopharmacy). 

ii. The design and formulations of medicines from drugs as the combination of 
used excipients and processes. 

iii. Product performance testing (in silico, in vitro, in vivo and clinically). 
iv. The production of medicines in small-, pilot- and large-scale. 

Beyond this definition, pharmaceutics can also be understood as the relation between 
drug, formulation excipients, and the production process in which they are transformed into 
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medicine. The medicine is exposed to a biological system with specific physiology or 
pathophysiology. In particular in translational sciences, where animal studies and clinical 
trials are highly regulated, also regulatory aspects shape the development process. All these 
fields need to be considered and counterbalanced (Figure 2). In order to do so, knowledge 
from different scientific fields is indispensable, such as physical chemistry, physiology, 
engineering, material science and increasingly also computational science as well as 
modeling. Pharmaceutics bridges these fields to be used jointly in formulation 
development21. 

 

Figure 2 Conceptual depiction of pharmaceutics. Taking into account drug and excipient 
properties, the production process, the body physiology as well as regulatory aspect, 
medicines are developed out of the bulk of the pure drug. 

The final medicine is also referred to as a formulation of a certain drug. The 
formulation is the multitude of excipients and production processes that a drug is exposed 
to. The dosage form is the specific pharmaceutical form in which a medicine is administered 
to the patient (e.g. tablets, capsules, or solutions). 

The process of delivering drugs to the body is frequently referred to as drug delivery, 
the drug delivery system (DDS) being the medicine21. The DDS enables the introduction of 
drugs into the body, improving its efficacy and safety by controlling the rate, time, and 
sometimes the place of drug exposure. This process includes the administration of the 
therapeutic product, the release of the API by the product, and the subsequent transport 
of API across biological membranes to the site of action22,23. The DDS can also be seen as 
the interface between the patient and the drug23. Therefore, drug delivery can be 
differentiated from drug targeting, which refers to the delivery of API only to a specific site 
of the body (e.g., an organ or tissue)24. 

Pharmaceutics

Drug

Excipients

ProcessRegulatory
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Despite the highly interlinked drug development organization, when looking at 
pharmaceutics in the development process, there is a more extensive involvement at later 
stages5, where molecular changes on the API molecules are no longer feasible. The 
formulation development can be conceptualized into the following steps11: 

i. Pre-formulation 
In-depth characterization of API and excipients (e.g., solubility, stability, 
particle sizes, surfaces, partition coefficients, polymorphisms, or 
hygroscopicity) and their interactions as a base of the formulation process. 

ii. Formulation development and optimization 
Production of first formulations on a small scale, their characterization (e.g., 
dissolution profiles, content uniformity, or disintegration) and adaption to 
achieve desired characteristics. 

iii. Scale-up 
Transfer of exploratory small-scale production processes to pilot- and 
manufacturing scale to enable the production for the market. 

iv. Production 
Continuous supply of medicines to patients and healthcare providers. 

All these steps are intermixed and are often performed in parallel. Also, in particular 
in the clinical trial phase of drug development, a number of different formulations are used. 
While in the beginning, often simple forms such as oral solutions are developed (service 
dosage forms), formulations in later stages are more advanced11. 

Formulation development, as pointed out by Fischer and Breitenbach, was largely 
eliminated as a source of attrition in drug development, with today only 1% of drug 
development projects being stopped due to formulation problems. The reason is proposed 
to be the intense physicochemical characterization of APIs before formulation, where 
difficult to formulate APIs can already be eliminated from the drug candidates11. This is in 
line with the already described reduction of attrition rates due to poor bioavailability or 
pharmacokinetic problems based on advances in preclinical optimization19 (section 1.1.1). 
While these developments are positive with respect to the reduction of attrition in later 
stages6, they do not reduce the overall attrition of poorly soluble drugs and only shift their 
attrition to earlier stages in drug development. Their potential use for patients is therefore 
still not exploited. 

In order to address this problem, the concept of so-called ‘enabling formulations’ is 
gaining attention. Here, the formulation of the API is not only seen as a necessary step 
toward the final medicine but as the key technology to allow for the development of poorly 
soluble drug candidates that would drop-out without enabling formulations25. This 
approach is an example of the before mentioned translational drug development strategy13,14 
(section 1.1.1). Today, there exist different technologies to increase the bioavailability of 
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poorly soluble drugs that can act as an enabling formulation (introduced in section 1.2.2). 
A promising platform are amorphous solid dispersions (ASDs), which is the topic of this 
thesis (introduced in section 1.3). 

1.1.3 Towards Use for Patients: Translation in Pharmaceutics and 
Academia 

The development of medicines is a process that translates preclinical in vitro and 
in vivo findings into medical applications for patients26. The National Center for Advancing 
Translational Sciences (NCATS) of the U.S. Department of Health & Humans Services 
distinguishes between translational research and translational science. While translational 
research is described as ‘the endeavor to traverse a particular step of the translation process 
for a particular target or disease’, translational science is defined as ‘the field of 
investigation which seeks to understand the scientific and operational principles underlying 
each step of the translational process’27. 

In this context, pharmaceutics can facilitate translational research as being part of 
the translation process, enabling the translation of drugs into medicines. Therefore, research 
in pharmaceutics should be attributed to translational science, especially the development 
of enabling formulations. Such formulations are general concepts of the translational process 
and not specific to a disease. Instead, they focus on pharmaceutical properties such as routes 
of administration or classes of APIs. As a consequence, APIs in translational pharmaceutics 
often serve as a model drug substance under the assumption that results could be 
transferable to other APIs within defined limitations. This concept was also applied in this 
thesis. 

Since the beginning of modern drug development28, universities are significantly 
contributing to the discovery of new medicines29. From 2010-2012, 27% of drugs registered 
in the European Union originated from academia, public bodies or public-private 
partnerships (PPP)30. However, when resulting from academia, drug development up to 
registration took significantly longer (20-24 years compared to 5-12 years in industry, based 
on all approved drugs by the Federal Drug Administration, FDA, until 2013)28. Academic 
drug development centers majorly contributed to this31. Therefore, pharmaceutical 
companies more and more recognize the value of these activities and engage in 
collaborations, by funding academic research or in other frameworks, such as open science32, 
to use this innovation as starting points for further drug development29. It is also the aim 
of this thesis to provide results that can be applied in concrete drug development projects. 

Drug development and the translational process in an academic setting clearly 
distinguish from the same processes in industry: Resources are often more limited and 
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quality assured working environments are not a standard. Nevertheless, translational 
research and translational science is of high interest for universities and is therefore 
promoted. In Switzerland, the Swiss Academies of Arts and Sciences (a+) together with the 
Swiss Academy of Medical Sciences (SAMW), recently published a report on translational 
research33. The work points out the suboptimal translational output at universities, for 
example the fact that the vast majority of results are never tested in humans. The authors 
identify common roadblocks to translational research in academics and proposed measures 
to increase the translational output, i.e., to (summarized): 

i. Incentivize scientists to engage in translational medicine. 
ii. Focus on breakthrough science and specific strengths of academia. 
iii. Adopt industry standards, e.g., regarding reproducibility and data collection. 
iv. Develop new ways to measure the efficiency of the translational process. 
v. Educate broadly and early on the translational process and challenges. 
vi. Develop academic centers with expertise in the translational process. 
vii. Optimize collaboration between researchers and technology transfer offices. 
viii. Streamline the use of available funding and invest in essential infrastructure. 

Within this framework, this thesis can be understood as a focus on a specific strength 
of academic research, namely the mechanistic elucidation of a drug delivery platform. While 
industrial research often is targeted to the development of a specific medicine, universities 
can contribute to the field of drug development by advancing mechanistic understanding 
and concepts, which finally could contribute to concrete drug development projects. 

1.2 Oral Delivery of Poorly Soluble Drugs 

For systemic drug exposure, the oral route of administration is the most common 
one21,34. In contrast to other routes of administration such as the parenteral route, the 
patient can perform administration easily and painlessly as well as independently of 
healthcare providers. For adults, solid single-dose units are mostly preferred over liquid 
dosage forms, as their handling is simple and the dosing accurate. In addition, with respect 
to storage stability, solids are often more stable than liquids21. 

A significant challenge in the development of oral medicines is the efficient and 
complete systemic drug uptake from the intestine into the central blood compartment, 
especially for APIs with poor aqueous solubility. This section introduces the general 
principles of oral bioavailability (section 1.2.1) and drug delivery of poorly soluble APIs 
(section 1.2.2). 
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1.2.1 Drug Bioavailability and Drug Absorption 

The uptake of chemical substances from the intestine to the body is a highly selective 
and regulated process and can be a significant hurdle in oral drug delivery. An essential 
parameter in oral drug delivery, therefore, is bioavailability, which can be described as the 
extent and rate at which a drug is taken up to the general circulation35. It is measured by 
comparing the area under the curve (AUC) of a plasma concentration-time profile of a 
specific drug substance after oral and i.v. administration. By normalizing for possibly 
different doses, it can be calculated as 

)1(  𝐹𝐹 = 𝐴𝐴𝐴𝐴𝐶𝐶𝑝𝑝.𝑜𝑜. 𝐷𝐷𝑖𝑖.𝑣𝑣. 
𝐴𝐴𝐴𝐴𝐶𝐶𝑖𝑖.𝑣𝑣.  𝐷𝐷𝑝𝑝.𝑜𝑜.

 100 [%] 

where F is the bioavailability and D the dose for peroral (p.o.) or intravenous (i.v.) 
administration. Drug bioavailability depends on different physiological factors, e.g., pH, 
food intake, or disease state. Furthermore, bioavailability can be substantially influenced 
by the formulation, which will be discussed in section 1.2.2. 

Based on the physiological path of the drug molecules, the absorption of drugs from 
the ingestion to systemic circulation can be conceptualized as follows (extended from 
Waterbeemd and Testa35): 

i. Drug liberation from the dosage form 
ii. Dissolution of the drug in gastrointestinal fluids 
iii. Escape from drug degradation in gastrointestinal fluids 
iv. Escape of the drug from metabolism by the intestinal flora 
v. Drug absorption through the intestinal wall by passive or active transport 
vi. Escape of the drug from metabolism in the gut wall 
vii. Escape of the drug from re-excretion in the intestinal lumen by efflux 

transporters 
viii. Escape of drug from metabolism in the portal vein 
ix. Escape of the drug from metabolism in the liver 

Regarding the location of drug uptake, most drugs36,37, as well as nutrients38, are absorbed 
in the small intestine, composed out of the duodenum, jejunum, and ileum39. It measures 
approximately 6 m in length with a diameter of 2.5–3.0 cm38. The presence of villi and 
microvilli increases the intestinal surface area 600 fold. Especially at the tip, villi are covered 
with columnar epithelial cells, the primary absorptive cells. In contrast, crypt cells are 
largely regarded as secretory.38 In the small intestine, different barriers guarantee a selective 
uptake of substances40: 
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i. Mucus layer 
The first border to the luminal space forms the mucus layer. It is mainly 
composed of glycoproteins secreted by goblet cells, is 100-150 µm thick and 
has a turnover rate of 12-24 h. The mucus layer filters molecules with a cutoff 
of approximately 600-800 Da. The mucus layer can also be seen as an unstirred 
water layer, through which the API has to diffuse41. 

ii. Intestinal epithelium 
Beneath the mucus layer, a single layer of intestinal epithelial cells forms a 
second barrier. The layer is mainly composed of enterocytes, but also goblet 
cells, endocrine cells, and paneth cells. The cells are joined together by tight 
junctions and arranged in villi, while enterocytes form microvilli. Drug 
molecules can overcome this barrier in three different ways: Passive diffusion 
through the epithelial cells (transcellular pathway), passive diffusion between 
the cells along the tight junctions (paracellular pathway) or active transport 
across the apical and basolateral membrane of the enterocytes.  

iii. Biochemical barriers 
Efflux pumps such as P-Glycoprotein (P-gp) in the epithelial cell membrane 
can transport intracellular API back into the lumen, reducing the overall 
uptake of API. A characteristic feature of substrates is hydrophobicity. 
Furthermore, the intestinal wall shows a high activity of metabolizing 
enzymes, mainly Cytochrome P450 (CYP), which can degrade APIs already 
during uptake. 

The ability of the API to be absorbed by passive diffusion depends mainly on its 
physicochemical properties, which finally relate back to its molecular structure (‘Lipinski’s 
rules of 5’11). A concept, classifying APIs according to their probability to be absorbed, is 
the biopharmaceutics classification system (BCS), initially developed by Amidon et al.42 
and meanwhile part of FDA and EMA (Europan Medicines Agency) regulations. This 
concept is based on two critical physicochemical properties of the drug, namely solubility, 
and permeability. The physicochemical basis of the BCS system is the Fick’s first law, 
where the flux J of API across a membrane is proportional to the permeability coefficient 
P and the concentration C of the API in the lumen43. From a scientific point of view, the 
correlation between permeability and solubility with bioavailability is widely accepted. 
However, it is also neglecting many physiological factors such as the effect of endogen bile 
salts on solubility and permeability. 
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Figure 3 Concept of the BCS classes based on solubility and permeability. While a clear 
regulatory cut-off for solubility classification is defined by EMA guidelines, permeability is 
categorized by different comparative methods44. Based on existing experimental data, a 
permeability value of 10-4 cm/s when measuring human jejunal permeability and 10-6 cm/s 
when measuring Caco-2 permeability can be used as an approximate cut-off. For 
permeability in PAMPA measurements, a general cut-off value is less evident.45 

From a regulatory point of view, the biopharmaceutical classification system with 
defined criteria is used as a tool used by medical agencies (FDA, EMA) to grant biowaivers, 
which allow applicants to register generic drug products without a bioequivalence study. 

Most of these conceptual steps cannot be influenced by formulation. In the 
physiological pathway, only steps i. (liberation), ii. (dissolution), as well as partially iii. 
(escape from gastrointestinal fluids) and iv. (escape from intestinal flora) can be controlled 
or influenced by the formulation. In the BCS system, mainly solubility can be influenced, 
while permeability is more considerably depending on the chemical properties of the API 
molecules. This thesis focuses on the increase of solubility of drugs through ASDs. 

1.2.2 Drug Delivery of Poorly Soluble Drugs 

Solubility is a critical property that influences the behavior of APIs. Therefore, poorly 
soluble APIs have some common properties: They often show a comparable strong positive 
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food effect (increased bioavailability after intake in a fed state) and often being excreted as 
unchanged molecules in urine or bile46. Also, regarding formulation aspects, there exist 
common concepts, as introduced in this section. 

As a reaction to the challenges associated with systemic drug delivery of poorly 
soluble APIs, different approaches to enhance bioavailability have been investigated. On a 
chemical level, prodrugs can be synthesized. Here, chemical groups are added to the 
molecular structure of the API to influence properties such as solubility or permeability. 
After systemic uptake, the added chemical group is then cleaved for optimal 
pharmacological activity47. On the level of pharmaceutics, without chemical modifications 
of the API, different approaches have been developed and used successfully, resulting in 
different formulation categories. Although generally, they are applicable for all poorly 
soluble APIs, scientific knowledge, experimental work, and experience are necessary to make 
use of these approaches. Also combinations of approaches are used. In the following, the 
most common categories in oral drug delivery approaches for poorly soluble APIs are 
described48: 

i. Salt formation 
Acidic and basic drugs can be transformed into salts (crystalline and in 
solution), having a direct impact on dissolution rates and solubility49. 
Influencing factors in this approach are the pH of the dissolution medium or 
therein contained common ions50. 

ii. Crystal structure and composition 
Regarding the crystal structure of the API, different polymorphs (arrangement 
patterns of crystals) have different enthalpies, which result in different 
dissolution properties. However, advantageous polymorphs also often are less 
stable and tend to transform into a more stable polymorph during storage51. 
The absence or presence of solvent residuals (for water the anhydrous or 
hydrated form), can also affect the dissolution rate and solubility positively or 
negatively51. Furthermore, substantial influence on crystal composition can be 
achieved by creating co-crystals. Here, the API is crystallized together with a 
coformer in a specific stoichiometric ratio. With this, stability is provided by, 
e.g. hydrogen bonding, van der Waals forces, or electrostatic interactions. In 
contrast to the salt formation, this approach is also possible for non-ionizable 
APIs52. 

iii. Amorphous systems 
Similar to polymorphic transformations, the amorphization of drugs also has 
an impact on dissolution rate and solubility. Stable amorphous systems are 
rare, but stabilization of the amorphous API in matrices, resulting in 
amorphous solid dispersions (ASDs) has become a promising approach to 
benefit of the amorphous state while prolonging the stability of the product. 
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This thesis focuses on the development and functioning of ASDs. Section 1.3 
introduces these systems in more detail53. 

iv. Particle size reduction 
As the particle radius for a given amount of drug is directly correlated to its 
dissolution rate (Noyes-Whitney equation) and solubility (Ostwald-Freundlich 
equation), micronization is a valuable approach to enhance the performance 
of poorly soluble drugs. Crystals can either be reduced in size by milling 
processes (e.g., jet milling, ball milling, or high-pressure homogenization) or 
directly engineered (e.g., by cryogenic spray processes)54. 

v. Complexation 
Complexation is a further way to affect the physicochemical properties such 
as solubility of APIs on a molecular level55. Cyclodextrins are currently the 
predominant excipients for this purpose56. Conjugated with surfactants or 
polymers they can also form larger molecular assemblies57. 

vi. Lipid and surfactant-based formulations 
Another approach to increase bioavailability is to deliver API dissolved or 
solubilized in lipids based drug delivery systems (LBDDS). In the 
gastrointestinal tract, these lipids are digested and the drug is transferred into 
a mix of vehicles, possibly also containing endogenous bile salts. Over the 
years, many subclasses have evolved. The simplest form is the delivery in pure 
oils (LBDDS type I58). More advanced systems form emulsions upon contact 
with aqueous media, so-called self-emulsifying drug delivery systems (SEDDS). 
These formulations contain in addition to oils also water-insoluble surfactants 
(LBDDS type II58). Also, the addition of surfactants and cosolvents with high 
(type IIIa58) or low (type IIIb58) remaining oil contents or only water-soluble 
surfactants and cosolvents (type IV59) were described60. Furthermore, also 
liposomes or mixed micelles can be used in oral drug delivery60. Alternatively, 
APIs can also be delivered in solid lipid nanoparticles (SLN)61. 

Another delivery system frequently discussed in literature are supersaturating drug 
delivery systems (SDDS)62. They gather different DDS that induce supersaturation (section 
1.3.2) and therefore, depending on the definition of supersaturation, may include different 
of the DDS introduced above, also ASDs. Polymers are increasingly used in DDS, e.g., in 
the function of surfactants63–65, but also as in this thesis in ASDs66 to increase solubility 
and bioavailability. However, polymers do not form their own class of DDS. 
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1.3 ASDs as Enabling Delivery Platform for Poorly Soluble 
Drugs 

This section introduces amorphous solid dispersions (ASDs) as the main topic of this 
thesis. The amorphous state and basic properties of ASDs are described in section 1.3.1, 
their impact on bioavailability in section 1.3.2, production by hot-melt extrusion in section 
1.3.3, and characterization methods in 1.3.4. 

1.3.1 The Amorphous State and ASDs 

Solid APIs can exist in different forms with respect to their molecular arrangement. 
Mostly, they are crystalline, possibly in different polymorphs, with a long-range order of 
molecules. Alternatively, API can exist amorphously. In the amorphous state, the molecules 
are not in an ordered state (with respect to their translational, orientational, and 
conformational order)67,68. The amorphous state, therefore, combines properties of the solid 
state and the liquid state. When changing the temperature of amorphous solids, the glass 
transition temperature can be observed as a discontinuous event which is accompanied by 
a significant change in viscosity, enthalpy, entropy, the thermal expansion coefficient, and 
heat capacity69. 
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Figure 4 Conceptual enthalpy of liquid, crystal and amorphous matter. Within solid 
amorphous matter exists a glass transition temperature, which marks a discontinuous 
change in enthalpy as well as other material properties. Adapted from Rams-Baron et 

al.67. 

Energetically, the amorphous state has a higher enthalpy than crystalline states 
(Figure 4). On the upside, this leads to different physicochemical properties such as 
increased solubility, which can be exploited in drug delivery. On the downside, amorphous 
states are mostly not stable and APIs tend to transform into the energetically preferable 
crystalline state. 
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Figure 5 Schematic concept of the generation of polymeric ASDs. Adapted from Huang 

et al.70. 

To be used in a pharmaceutical setting, amorphous APIs need to be stable enough 
for processability and sufficient shelf life, which is not the case for the majority of 
amorphous APIs. Additional stability can be achieved by using ASD instead of neat 
amorphous solids67. Over the years, various definitions of ASDs have been used, based on 
underlying physicochemical properties (e.g., eutectic mixtures), absence or presence of 
crystallinity, dissolved state or dispersed state of the API in the solid matrix, or the matrix 
material. However, in the context of pharmaceutical drug delivery, the following definition 
has prevailed: ASDs are systems in which an API is embedded amorphously into a solid 
matrix, often consisting of polymers70. Besides polymer and API as main components, the 
addition of further excipients has gained interest. Based on the historical development of 
ASD as well as conceptual considerations, ASDs can be classified into four different classes 
(Table 2)13,68,71,72.  

Table 2 Categorization of pharmaceutical ASDs. Table adapted from Shah68 and 

Newmann13. Extension to 4th generation proposed by Vo et al.71 and Hallouard et al.72 

The requirements to enable a transformation of an API and a polymer into an ASD 
are manifold. Of high importance is the compatibility of the API with the polymer. The 
more beneficial their interaction is, the more likely is it that a stable ASD will be formed73. 
In order to elucidate underlying mechanisms of this compatibility, different experimental 

+

Polymer

API Amorphous Solid Dispersion

Hot-melt extrusion

 No crystallinity
 Delivery in higher energy state
 Metastable system
 Limited storage stability
 Limited drug load

Generation Matrix composition Properties 
1st Non-amorphous Low dissolution rate, low stability 

2nd Polymer Increased dissolution rate 

3rd Mixed (surfactants, polymers) Highest dissolution rate 

4th Mixed (surfactants, polymers) Controlled release 
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techniques74, as well as theoretical models73, have been established. In the development of 
pharmaceutical ASDs, the understanding of such properties can facilitate the identification 
of a suitable polymer for a given API. Critical parameters of ASDs are their glass transition 
temperature as well as the miscibility of an API with the polymer and the solubility of the 
API in the polymer. Figure 6 depicts those three properties schematically as a function of 
drug load and temperature. The glass transition temperature is a key property with respect 
to the processability of ASDs as well as their stability during storage. Miscibility is the 
limit of drug load above which immediate phase separation will occur. Solubility is the limit 
above which the mixture of API and polymer is thermodynamically metastable (kinetically 
stabilized) and recrystallization will occur over time68.  

 

Figure 6 ASD mixture properties based as a function of drug load and temperature. i. 
Thermodynamically stable, rigid ASD ii. Thermodynamically stable ASD with decreased 
viscosity, iii. Miscible but supersaturated rigid ASD, iv. miscible but supersaturated ASD 
with increased viscosity, v. separated phases of drug and polymer. Arrows indicate the 
direction of increased stability. Figure adapted from Shah et al.68 

Different polymers have been used in ASDs in a pharmaceutical setting73, whereby 
cellulose derivatives, as used in this thesis, have shown favorable properties75. The majority 
of polymers were originally developed for other pharmaceutical purposes such as coating 
polymers. From a translational point of view, they have the advantages that their use in 
humans already has been established and can generally be assumed to be unproblematic. 
However, due to the production process or the direct interaction with API, there remains 
a risk for the formation of potentially critical side products, which has to be taken into 
account during development. Pharmaceutical companies also invested in the development 

Temperature

D
ru

g 
lo

ad

i.

ii.

iv.

iii.

Glass transition

v.

Stability increase



1 Introduction 

19 

of new polymers, suitable for use in humans (e.g., Soluplus®), which can also solubilize 
drugs upon dissolution76. In a more academic setting, there is also research on new polymers 
for use in amorphous solid dispersions77–79. 

With respect to the final medicine, the production of ASDs can be considered as a 
precursor operation in pharmaceutical production. Milled to powder or as pellets they can 
be transformed into different dosage forms such as tablets or capsules or also more complex 
pharmaceutical systems, e.g., osmotic pump tablets80 or gastric floating pellets81. 

1.3.2 Increased Bioavailability through ASDs 

The potential of ASDs to increase bioavailability is widely accepted. However, 
detailed underlying mechanisms are currently only partially understood (also refer to section 
1.4). This thesis also summarized the current knowledge of underlying mechanisms in the 
form of a review article (section 3.2). This section provides an overview of the basic 
underlying mechanisms leading to increased bioavailability of amorphous solid dispersions. 

Looking at the BCS system, the critical physicochemical property that is increased 
by the amorphous state are the aqueous solubility and the dissolution rate of the API. 
Therefore, the formulation of a poorly soluble drug as an ASD (or other solubility enhancing 
formulations) can shift BCS class II or IV drugs toward the classes I or III16. The higher 
solubility and fast dissolution rate are related to the higher energy, in which the API is 
delivered compared to the crystalline form, enabling for supersaturation73. The fast 
generation of apparent supersaturation is referred to as the ‘spring effect’ in literature 
(Figure 7, situation 1), enabling for increased uptake rates. As this supersaturation often 
is metastable, a prolongation of the supersaturated effect is desirable to allow enough time 
for drug absorption. This is also referred to as ‘parachute effect’ (Figure 7, situation 2)82. 
This prolongation can be achieved by different means, such as crystallization inhibition or 
solubilization of API in colloids such as drug-rich particles, free drug, micelles or 
recrystallized API73.  
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Figure 7 Schematic concept of generation and properties of polymeric ASDs. Figure 

adapted from Baghel et al.73 and Huang et al.70. 

Looking at the in vivo uptake of API from colloid forming ASDs from a conceptual 
point of view, a complex picture establishes (Figure 8). In a first step, colloids evolve from 
the solid ASD. These different states of dissolved ASDs are in a complex equilibrium, which 
is dynamically affected by the ongoing dissolution of ASDs or the absorption of molecularly 
dissolved drug. Finally, increased bioavailability mainly is based on the supersaturated, 
molecularly dissolved fraction of the drug, which increases the flux over the intestinal 
membrane. 
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Figure 8 Schematic concept of in vivo behavior of ASDs. The components of the ASD 
dissolve individually, to drug-rich particles, and drug possibly recrystallizes. Eventually, 
molecularly dissolved drug is absorbed. The dissolution process is influenced by 
endogenous bile salts. 

1.3.3 Production of ASD by Hot-Melt Extrusion 

Different methods to produce ASDs have been described83, which also can have an 
impact on final product properties84. They all have in common the addition of energy to 
crystalline API in order to form the amorphous state. Two main conceptual categories of 
ASD production can be distinguished83: One concept is the formation of ASD by solvent 
evaporation. Here, drug and polymer are dissolved in a common solvent, which subsequently 
is evaporated. If miscibility or solubility of the API and the polymer is given, the ASD will 
remain. Processes used for this kind of productions are spray-drying or granulation. The 
second concept is the melting of the polymer-drug mixture while simultaneously mixing the 
melt. This is mainly achieved by the hot-melt extrusion (HME) process, used as a method 
also in this thesis.  

The HME process has the advantage of being solvent-free and continuous85,86, the 
latter being an essential part of the lean manufacturing concept to reduce development and 
manufacturing costs11. It has gained increasing attention in formulation development. This 
process is used since the 1930ies in the plastic industry, but only in the last decades was 
applied in the pharmaceutical industry87. The extruder equipment is mostly composed out 
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of the gearbox with the motor, the barrel with heating elements, the screws, and the die46. 
The HME-process is composed of the following phases88,89 (Figure 9): 

i. Powder mixtures or also liquids are fed continuously into the extruder. 
ii. Screws transport the material towards the exit die plate while simultaneously 

providing mixing and heat generation. 
iii. Different elements of the extruder barrel can be temperature controlled in 

order to ensure suitable melt temperatures. 
iv. The melt is extruded through a die with subsequent cooling. 
v. Downstream processing of the extrudate includes milling, pelletization, and 

spheronisation. 

On a molecular level, a heterogeneous mixture of polymer and drug is transformed 
into a homogenous ASD. Depending on the process temperature, this can either be achieved 
by melting of polymer and drug with subsequent liquid-liquid mixing or by melting of the 
polymer with the subsequent dissolution of the solid drug in the polymer melt. In both 
cases, the stability of the API and polymers at extrusion conditions (temperature and shear 
rates) need to be accounted for90. 

 

Figure 9 Schematic drawing of the hot-melt extruder used in this thesis, a co-rotating 
twin-screw extruder with five heating elements. 

In today’s pharmaceutical production, twin-screw extruders are the most common 
extrusion devices91. The two screws can either counter- or co-rotate, latter providing higher 
shear rates92 and therefore being most preferred. Shear rates can be increased by using 
intermeshing screws, i.e. minimizing the distance between the screw centers. Their necessary 
geometry has been described in detail93. The screws can also be composed of different 
elements, such as conveying elements, mixing element, disruptive flow elements for lower 
energy mixing, and discharge feed elements to build up pressure toward the die91. In-line 
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process analytical technology (PAT) is the key to process control and understanding. 
Besides standard measurements as pressure or melt temperature, also advanced methods 
such as near-infrared or Raman spectroscopy are used to measure the APIs concentration 
and morphology in the melt87. 

1.3.4 Characterizing and Assessing of ASDs 

Suitable analytical methods are crucial in the development of ASDs. Besides the use 
of standard methods in quality control, advanced methods are crucial to increase the 
mechanistic understanding of ASD behavior. Table 3 summarizes methods used in 
literature to analyze ASDs. In this thesis, different of these methods were used. For detailed 
method descriptions, readers are asked to refer to the methods sections in the results 
(chapter 3). 

Table 3 Methods used for ASD characterization. Extracted from Liu et al.94 and Ma 

et al.95, for additional methods exemplary citations are provided in the table. Their use is 
categorized into solid-state characterization, dissolved state characterization and methods 
relating to bioavailability. 
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Infrared spectroscopy & 
imaging 

Characterization of molecular 
interactions and their effects on stability, 
phase separation, or dissolution 
imaging96. Online process analytical tool 
(PAT) in hot-melt extrusion97. 

x x 

Raman spectroscopy & 
imaging 

Characterization of molecular 
arrangement and interactions, 
quantitative crystallinity analysis, or 
dissolution imaging96,98. 

x x 

Solid-state NMR (nuclear 
magnetic resonance) 

Assessment of molecular mobility, 
miscibility characterization, or relaxation 
times. 

x 

Liquid state NMR (nuclear 
magnetic resonance) 

Molecular interaction of dissolved API 
and excipients in solution99, or dissolution 
imaging96. 

x 

Molecular Dynamics 
Simulations 

Simulation of molecular arrangement and 
interactions100 

x x 

Fluorescence microscopy, 
fluorescence lifetime 
measurements, quenching 
probes 

Characterization of miscibility and phase 
separation (e.g. liquid-liquid phase 
separation)101–104 

x 
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XRPD (x-ray powder 
diffraction) 

Amorphous state identification, 
crystalline content quantification, 
polymorph determination (gold standard 
for solid state characterization94) 

x   

XRPD with PDF (pair 
distribution functions) 

Observation of miscibility105, local 
structure changes106, or differentiation 
between amorphous domains and 
molecular dispersions107.  

x   

X-ray scattering Characterization of crystallization 
behavior108. 

 x  

DSC, MDSC (differential 
scanning calorimetry, 
modulated DSC) 

Determination of glass transition 
temperature, miscibility, residual 
crystallinity, crystallization tendency109, 
or indirect relaxation times110. 

x   

TGA (thermogravimetric 
analysis) 

Thermal stability measurements and 
volatile components analysis. 

x   

PLM (polarized light 
microscopy) 

Visualization, differentiation between 
crystalline and amorphous states. 

x   

HSM (hot-stage 
microscopy) 

Microscopy at elevated temperatures. x   

SEM, SEM-EDX (scanning 
electron microscopy, SEM-
energy dispersive x-ray 
spectroscopy) 

ASD particle morphology 
characterization such as detection of 
crystals on surfaces, elemental analysis 

x   

XPS (x-ray photoelectron 
spectroscopy) 

Identification of chemical interactions 
between formulation compounds in 
ASDs. 

x   

TEM (transmission 
electron microscopy) 

Crystallinity detection (electron 
diffraction patterns). 

x x  

Cryo-TEM Imaging of the hydrated states of 
particles formed upon dissolution111. 

 x  

AFM (atomic force 
microscopy) 

Surface topology or detection of phase 
separation. 

x x  

DLS (dynamic light 
scattering) 

Measurements of the size zeta-potential 
of particles formed upon dissolution112. 

 x  

DMA (Dynamic 
mechanical analysis) 

Rheological properties identification, 
glass transition temperature 
measurement, molecular mobility 
estimations based on viscosity. 

x   

Dissolution tests (non-sink, 
sink) 

Dissolution, supersaturation, and aqueous 
stability characterization, quality 
control113–116. 

x x x 

Permeability (Caco2, 
PAMPA) 

Passive and active permeability 
measurements76,117–121. 

 x x 

Animal and human PK 
(pharmacokinetics) 

Assessment of absolute or relative 
bioavailability, pharmacokinetic analysis 
in animals122–131 and humans132–144, 
including physiologically-based PK 
modeling (PBPK)145,146. 

 x x 
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A critical question for all preclinical assessment methods of ASDs is, what can be 
concluded from their results for the use of ASDs in humans. While for conventional oral 
formulations also larger research initiatives have been launched to develop assessment 
strategies with translational power (e.g. the OrBiTo project156), for ASDs these 
translational questions are mostly unanswered as only a few studies on this topic are 
available. Dissolution tests (sink and non-sink conditions) are used commonly157, but their 
translational value has been commented to be limited138. While some in vitro-in vivo 
correlation (IVIVC) have been described158,159, negative examples limit the general 
application of IVIVCs53. Overall, translation from in vitro assessment of ASDs to in vivo 
results are controversial146, also for available data in humans69. 

A set of recommendations for ASD assessment during formulation development has 
been proposed, containing concepts regarding solid-state characterization, dissolution 
testing and in vivo evaluation157. Such concepts will have to be elaborated to facilitate the 
formulation development of ASDs. An important role could thereby take modeling 
approaches, such as PBPK modeling, in combination with in vitro assessments156. The 
mechanistic investigations carried out in this thesis also aim to strengthen and facilitate 
translational aspects in the formulation development of ASDs. 

1.4 Opportunities and Challenges in the Pharmaceutical 
Use of ASDs 

Poorly soluble drug candidates constitute the major amount of drug candidates in 
the development pipeline but show the highest attrition rate18. On the search for solutions 
to this problem, namely the increase of bioavailability, ASDs have already been investigated 
in humans in 1961160. The interest in this technology increased throughout the last decades, 
as showed a recent literature and patent analysis from 1980 to 2015: The number of 
publications and patents increased exponentially, originating from both academia and 
pharmaceutical industry161. Different studies have shown the beneficial use of ASDs in oral 

Stability measurements Storage at specific storage conditions 
and evaluation of stability (by further 
methods)147. 

x 

AFlFFF (asymmetrical flow 
field-flow fractioning) 

Analysis of mixtures of particles evolving 
upon dissolution of ASDs148,149. 

x 

Ex-vivo animal models Characterization of uptake from ASDs in 
controlled biologic environment150–153. 

x x 

Contact angle 
measurements 

Characterization of wetting 
properties154,155. 

x x 
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drug delivery in animals 122–131 and in humans132–144. A recent meta-analysis also identified 
an overall statistically positive effect of ASD on bioavailability162. In addition, ASDs have 
advantages over other formulation strategies of poorly soluble drugs, such as solubilization 
in micelles163, self-emulsifying drug delivery systems and cyclodextrins164, or cosolvents 165. 

However, not all ASD formulations are successful: An analysis based on 40 research 
papers showed that 18% of formulations decreased or did not increase bioavailability in vivo 
(animals and humans)157. Looking at ASDs on the market, out of 3732 registered drug 
products in 2019166, only 24 (Table 4) were ASD formulations in 201513. This corresponds 
to only 0.6%, indicating that ASDs are not used up to their potential in today’s drug 
development. 

Table 4 Marketed products of ASDs in 2015. Data extracted from Newman13. 

a Project stopped in phase 3 
b Recalled in 2000 due to toxicity issues. 

The reasons for this gap between potential and use of ASDs in drug development are 
manifold. For example, ASDs are more complex drug delivery systems167 compared to 

API BCS Polymer Dispersion Process 
Etravirine 4 HPMC Spray drying 

Everolimus 3 HPMC Melt or spray drying 

Fenofibrate 2 PEG Spray melt 

Griseofulvin 2 PEG Melt extrusion 

Ibuprofen 2 Various Melt extrusion 

Itraconazole 2 PVP VA Melt extrusion 

Itraconazole 2 HPMC  Spray layering 

Ivacaftor 2/4 HPMCAS Spray drying 

Lopinavir, ritonavir 2/4 PVP VA Melt extrusion 

Nabilone 2/4 PVP Melt extrusion 

Nifedipine 2 Poloxamer/PVP Melt/carrier absorption 

Nilvadipine 2 HPMC - 

Nimodipine 2 PEG Spray drying/fluid bed 

Posaconazole 2 HPMCAS Melt extrusion 

Ritonavir 4 PVP VA Melt extrusion 

Tacrolimus 2 HPMC Melt granulation 

Tacrolimus 2 HPMC Spray drying/fluid bed 

Telaprevir 2/4 HPMCAS Spray drying 

Telaprevir 2/4 HPMCAS Spray drying 

Torcetrapib a 2 HPMCAS Spray drying 

Troglitazone b 2 PVP Melt extrusion 

Vemurafenib 4 HPMCAS Antisolvent precipitation 

Verapamil 2 HPC/HPMC Melt extrusion 
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standard drug formulations: First, the API has to be formulated together with a polymer 
to an ASD, which is not always possible. Then, the production involves more complex 
processes such as hot-melt extrusion. Once produced, the stability for a suitable shelf life 
still is not given for many ASDs. This results in a high development effort and in the end, 
increased bioavailability is not guaranteed. To better understand prerequisites for successful 
formulation development, research on underlying mechanisms in the application of ASDs 
(production, formulation development, and reasons for increased bioavailability) is ongoing, 
but details are far from understood73,162,167–169. Scientific advancements in this area would 
therefore facilitate the rational application and translational development of ASD 
formulations in drug development. This in particular, as decisions on the further 
development of drug candidates are made as early as possible in today’s drug development 
process6 (section 1.1.1). Here, predictive tools and mechanistic formulation understanding 
are crucial to support such decisions. Famous examples of such tools are the 
biopharmaceutical classification system42 or Lipinski’s ‘Rule of Five’11. Such methods and 
insights allow for feasibility estimations without or with only a limited number of 
experiments. For ASDs, such approaches are currently limited. 

In more detail, today's concrete challenges in ASD formulation development, which 
potentially could be tackled by increased mechanistic understanding, are: 

i. Stability 
Long term storage stability is still a significant concern in the use of ASD 
formulations170–172. As stability trials take much time, different experimental 
methods173–175 and models171,176–178 have been proposed to predict stability. 
However, a broadly applicable predictive tool for stability is currently not 
available. 

ii. Drug load 
Higher drug loads in ASDs are directly linked to a decrease in stability179. Low 
drug loads lead to a significantly higher total weight of the final dosage form 
of ASD formulations compared to standard formulations, thus increasing the 
pill burden. In theory, the potentially higher bioavailability through the ASD 
formulation could, in turn, reduce the dose and therefore again the pill burden. 
However, this increase in bioavailability is not guaranteed, and predictions are 
difficult (see below). 

Further challenges that are addressed in this thesis are: 

i. Production 
To produce dosage forms containing ASDs, additional production steps are 
required to transform the raw material (drug, polymer, and further excipients) 
into an ASD. This process is costly and can delay the drug development 
process. Notably, the development of the hot-melt extrusion process, as a focus 
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of this thesis, can be challenging. Due to the high number of process 
parameters and material properties involved, full parameter screenings for 
process optimization is not feasible for efficient development. In addition, 
experimental screenings might not be possible, as even small extruders or 
kneading devices need amounts of API that are usually not available in early 
development. 

ii. Increased bioavailability
As outlined above, ASDs can improve bioavailability, but for the development
of an individual formulation, there remains the risk of no successful increase
in bioavailability. Today, possibilities to predict the increase of bioavailability
of an ASD formulation are limited. A major reason for this is that mechanisms
leading to increased bioavailability are poorly understood.

iii. Use of excipients
ASDs of later generations (section 1.3.1), contain a complex mixture of
excipients, multiplying the possibilities to control and enhance ASD behavior
compared to ASDs composed of drug and polymer only. While the potential
benefit from these additional excipients seems evident, currently the
mechanistic understanding of the impact of excipient on ASD performance is
poor.

iv. Data in humans
Most mechanistic investigations on ASDs are conducted in vitro or in animals.
While different clinical assessments of ASD formulations in the course of drug
development projects were reported132–144, these studies are largely non-
mechanistic. Finally, also mechanistic understanding of ASD behavior in
humans will be indispensable as the overall validation of translational concepts
and therefore for efficient and successful development of ASDs.
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2 Aim of the Thesis 

s outlined in the introduction, there exists a need for technological platforms 
to increase the oral bioavailability of poorly soluble drugs, enabling their 
development for the benefit of patients. Drug delivery in the form of 

polymeric ASDs has been attested the potential to serve as such a platform by the scientific 
community. However, incomplete mechanistic understanding and therefore unpredictable 
development outcomes are pitfalls for this technology that impede its more frequent use in 
drug development. This thesis aims to facilitate the rational and translational development 
of ASDs as enabling formulation for oral delivery of poorly soluble drugs. It aims to 
accomplish this by contributing to the mechanistic understanding of the production and 
formulation performance among the translational process of formulation development. In 
more detail, the individual aims were: 

i. Facilitation of a rational design of the hot-melt extrusion process
Hot-melt extrusion is a promising process to produce ASDs. An incomplete
understanding of the impact of process and material properties on the resulting
product impede the rational process design. Therefore, the first aim was to
establish and experimentally validate a mathematical model that links process
and material properties with product properties based on mechanistic process
understanding.

ii. Identification of critical mechanisms leading to increased
bioavailability through ASDs
Preclinical and clinical studies showed that ASDs can increase oral
bioavailability. Today, however, underlying mechanisms are only understood

A 
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partially, which renders their rational development difficult. The second aim 
of this thesis was to summarize and conceptualize current literature on 
mechanisms of increased oral bioavailability through ASDs. 

iii. Contributing to the rational use of additives for enhanced ASD
performance
The use of excipients multiplies the possibilities to control and enhance the
performance of ASDs. Today, there is no mechanistic understanding or
rational selection process for the use of excipients. Therefore, the third aim of
this thesis was to preclinically investigate effects of excipients on the behavior
of ASDs.

iv. Investigation of mechanisms whereby ASD impact bioavailability in
humans
While preclinical investigations are crucial to evaluate ASD formulations
mechanistically, an analysis of these formulations in humans is indispensable
to validate translational approaches. Currently, mechanistic studies on ASD
performance in humans are scarce. The fourth aim of this thesis was to
clinically investigate mechanisms of increased bioavailability through particle
forming ASDs and to validate translational approaches.

A side-aim during the work on this thesis was to contribute to predictions of ASD 
storage stabilities (see p. 200), but will not be further discussed in this manuscript. 
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3 Results 

his section presents the results of this thesis based on the aims defined in 
the previous chapter. The results are presented in form scientific 
publications, which are either published, submitted to a scientific journal or 

not yet submitted (draft). A general discussion of these results is provided in section 4. 
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3.1 Modeling of Hot-Melt Extrusion as Production Process 
for ASDs 

Research paper 

A combined mathematical model linking the formation of amorphous 
solid dispersions with hot-melt-extrusion process parameters 

A. Schittny1,2, H. Ogawa3, J. Huwyler1, M. Puchkov1

1Division of Pharmaceutical Technology, Department of Pharmaceutical Sciences, University of 
Basel, Switzerland 
2Division of Clinical Pharmacology and Toxicology, Department of Biomedicine, University Hospital 
Basel and University of Basel, Switzerland 
3Graduate School of Science and Engineering for Education, University of Toyama, Japan 

Published in ‘European Journal of Pharmaceutics and Biopharmaceutics’, 132 (2018) 127-
145. 

Highlights 

The formation of ASDs during the HME production process is only partially 
understood, making a rational process design difficult. This study proposes a comprehensive, 
mechanistic model that links hot-melt extrusion process parameters with properties of the 
resulting ASDs. Two key process properties were identified and modeled based on extruder 
properties (e.g. screw shape), process parameters (e.g. screw speed) and material properties 
(e.g. polymer viscosity): 

i. The mean residence time of the extrusion material in the extruder
ii. The time required to form an amorphous solid dispersion out of the extrusion

material

It is proposed that an optimal process is realized if these two process properties have 
equal value. The experimental validation of the model confirmed the theoretical 
considerations. This study aims to contribute to the advanced understanding of the HME 
process for ASD production and to assist in rational process design. 
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A combined mathematical model linking the formation of amorphous solid
dispersions with hot-melt-extrusion process parameters
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A R T I C L E I N F O

Keywords:
Hot-melt extrusion
Amorphous solid dispersion
Poorly water-soluble drugs
Bioavailability
Formulation development
Process modeling

A B S T R A C T

Hot-melt extrusion allows for the continuous production of amorphous solid dispersions, which are used to
enhance bioavailability of poorly soluble drugs in pharmaceutical drug delivery. To facilitate formulation and
extrusion process development, we propose a mathematical model describing the formation of amorphous solid
dispersions in the context of this process. The model is based on the calculation of two key process values: (1)
time to dissolution of solid drug particles in molten polymer during extrusion and (2) mean residence of material
in the extruder. We suggest that their linking allows for rational process design. Experimental data support the
validity of our model for both key process values as well as the overall process. This modeling approach allows
for fast and cost-effective formulation and extrusion process development as well as feasibility estimations in
early stages of drug development.

1. Introduction

Poor drug solubility, and therefore low bioavailability, remains a
problem in drug development that causes many drug candidate to drop
out during drug development [1,2], especially in phase I clinical trials
[3]. With the oral administration being the most common delivery
route, this creates a need for reliable oral drug delivery platforms for
poorly soluble drugs, namely class II and IV drugs in the biopharma-
ceutical classification system (BCS). While drug permeability through
the intestinal membrane is mainly influenced by the physicochemical
properties of the active pharmaceutical ingredient (API) itself, solubi-
lity can be influenced by formulation. Different methods have been
successfully used to increase the solubility of APIs, such as self-emul-
sifying drug delivery systems, nano-milling, or amorphous solid dis-
persions (ASD) [4]. ASD are systems in which an API is embedded in an
amorphous state in a solid polymer matrix [5]. Various studies have
shown that the delivery of the API in form of ASD significantly increases
in vivo bioavailability [6–13].

While in vitro and in vivo mechanisms of increased bioavailability by
ASD are discussed controversially, the definition of high-quality ASD is
specified in the literature: The API should be dissolved (solid solution)
or amorphously mixed (ASD) in the polymer matrix.
Thermodynamically, ASD are not stable but are considered as the fa-
vored system to achieve higher drug loads. To stabilize this system, the

glass transition temperature of the mixture should be higher than the
storage temperature [14–23]. To minimize degradation during pro-
duction, however, heat exposure should be minimized [24].

Different methods to produce solid dispersions have been reported
[25]. An advantageous production method is hot-melt extrusion (HME),
as it is a solvent-free and continuous process [26]. It is widely used in
plastic manufacture and has also been established in the pharmaceu-
tical industry [27,28]. The co-rotating twin screw extruder has been
found to be particularly useful as it features higher shear rates than
counter-rotating twin screws [29]. Although there are already some
pharmaceutical hot-melt extruded products on the market [5], devel-
opment of the process and formulation remains a challenge: Due to the
higher number of process parameters and material properties involved,
it is prohibitively expensive to perform full parameter screenings for
process optimization. As the deepening of process understanding is
subject to ongoing research, rational process design is mostly possible
for fixed equipment setups, and process transfer between different ex-
trusion systems is limited. In addition, even small extruders or kneading
devices need amounts of API that are usually not available in early
development, where dropout of BSC class II drugs might be prevented
by a suitable delivery system.

Modeling is a promising method to tackle problems in HME for-
mulation development as it can reduce development time and costs and
therefore addresses the above mentioned problems.
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As a theoretical framework for ASD description, thermodynamic
considerations were based on the Flory-Huggins theory
[14,18,21–23,30,31]. Solubilities can be predicted using Hansen solu-
bility parameters [32–34]. Alternatively, experimental methods were
presented to predict the formation of ASD [16,19,35]. Approaches
using molecular modeling were also presented [17,36,37]. A link be-
tween drug load and viscosity and its potential impact on the extrusion
process has been suggested in the literature [38].

Concerning the HME process, a geometric description of co-rotating
twin screw extruders [39] as well as empiric relations between process
parameters and mean residence time [40] and their physical inter-
pretation [41–43] were the base for understanding the physical process.
This led to the proposition of different models for mean residence time,
either extended by empirical parameters [42,43] or entirely based on
empirical considerations [44]. Statistical models [9,45–48] as well as
stirred tank models [49] were reported. Descriptions of pressure and
pumping characteristics within the extruder [41,50–53] were also
based on physical considerations as overall extrusion models [54,55] or
general descriptions of HME [56,57], and summarized in review articles
[58]. More advanced models combining several methods [59–61] or
employing smooth particle hydrodynamics (SPH) [62–64] recently
contributed to the current understanding of the process.

Despite this progress in process understanding, there is at present no
model available, which links the formation of ASD with specific process
parameters controlling the HME process. Therefore, the aim of the
present study was to deepen the understanding of physical and physi-
cochemical mechanisms relevant for the production of amorphous solid
dispersions during the HME process and to integrate these mechanisms
into an overall model. We propose a scalable, mathematical model to
calculate the key process values, i.e. time to dissolution of solid drug
particles in the polymer melt during extrusion and the mean residence
time of material in the extruder for different process parameters and
material properties. We supported our calculations with a first set of
experimental data using terbinafine and caffeine as a model drugs. We
suggest that our extended model can facilitate rational formulation and
process design.

2. Materials and methods

2.1. The model

We based our model on the two main variables, i.e. the time needed
by the API to dissolve in the molten polymer during HME (time to
dissolution, TTD) and the residence time of the material in the extruder
(MRT). By using the term TTD we refer to the process of amorphous
dispersion but used the term “dissolution” in this manuscript. In addi-
tion, we used the term “solubility” for the maximal amount of drug
dispersible in the polymer matrix. While TTD is mainly determined by
material properties, mean residence time can be influenced by process
parameters.

2.1.1. Model for time to dissolution (TTD)
2.1.1.1. Particle dissolution. We based the TTD calculations on the
approximated solution of the differential system describing a
spherical particle dissolving in an unbounded, stagnant liquid volume
[65] adapted to the API polymer system:

=
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where Rp(t) is the particle radius as a function of time, R0 the radius at
t=0, C the solubility of API in the molten polymer, Cb the
concentration of the API in the surrounding polymer melt (bulk
concentration), ρd the drug density, ρp the polymer melt density, and
D the diffusion coefficient. In the proposed model [65], Cb is treated as a

constant. To account for high drug loads and therefore a Cb varying
over time, we introduced the following time dependence of Cb:
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where Vb is the specific polymer melt volume (bulk volume) per
particle. This equation represents the drug amount dissolved in the
corresponding volume at a certain time. For simplicity reasons, the
volume of the mixed melt surrounding the drug particles is assumed to
be constant throughout the dissolution. The combination of (1) and (2)
and the calculation of Vb with (A.1) and (A.2) result in the cubic
equation (A.3) which yields one real solution for Rp(t) ((A.5),(A.6) and
(A.8)). By setting Rp=0 in (A.3) and solving for time t, we obtain
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for the calculated time to dissolution tdiss, where xd is the used drug
weight fraction of the drug-polymer mixture.

2.1.1.2. API solubility in polymer melt. To calculate the solubility C of
API in the molten polymer, we used phase diagram predictions [22] of
ASD which are based on the Flory-Huggins theory on polymer-solvent
miscibility [66,67] using Hansen solubility parameters [68,69]. As we
focused on solid dispersions, we solved the spinodal curve of the Flory-
Huggins theory (also referred to as miscibility curve) for corresponding
drug loads and temperatures. Table 1 summarizes the equations used
for this calculation. We solved this system numerically for xdmax at a
given process temperature Tp. The process temperature from the
extrusion process was calculated as weighted average from the
different extruder elements by the mean residence time for each
element.

As the solubility xdmax resulting from Table 1 corresponds to the
mass of drug dissolved in the constant total volume of the mixture and
the drug solubility C used in section 2.1.1.2 corresponds to the drug
dissolved in the constant volume of the melt mixture surrounding the
drug particles, xdmax and C relate as follows:

C =
x
(1 xd )

dmax d

(9)

2.1.1.3. Diffusion coefficient. We assessed the diffusion coefficient D by
molecular dynamics at effective constant extrusion temperature and
pressure. Molecular dynamics were carried out using the Desmond
molecular dynamics system 2016.4 (D.E. Shaw Research, New York,
United States) [70] in the software Maestro 11 (Schrödinger LLC, New
York, United States) using the OPLS_2005 force field. The diffusion
coefficient was calculated from the slope of the cumulated mean square
displacements by the following equation [71]:

Table 1
Equations used for calculation of API solubility in polymer melt [22].

Description Equation

Miscibility temperature (spinodal curve)
=

+
Tp

d p

R
v m v

2v ( )2

1 1
(1 )

(4)

Molar drug volume (lattice site volume) =v Md
d

(5)

Number of lattice sites m =
Mp d
Md p

(6)

v = xdmax Md
dVmix

(7)Molar volume fraction

Mixture volume Vmix = xdmax Md +
d

xdmax )Mp
p

(1 (8)
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Fifteen polymer chains consisting of 78 monomers (16 monomers of
vinyl acetate, 22 monomers of polyethylene glycol, and 30 monomers
of caprolactam) were arranged in proximity, and a first molecular dy-
namics simulation was performed to allow for relaxation followed by
inclusion of 3 molecules of terbinafine or caffeine. Subsequently, a
second molecular dynamics simulation was run for 5 ns. After simula-
tion (Fig. 1), the mean square displacement of the drug molecules were
analyzed and the calculated diffusion coefficients (10) were averaged.

2.1.2. Model of mean residence time (MRT)
2.1.2.1. MRT calculation. A graphical summary of the overall MRT
calculation is provided in Fig. 2. The core of the model is the linear
relation between mean screw revolutions and overall throughput
divided by the number of revolutions [40]. From this relation, the
following equation for the overall MRT can be derived:

= A +
Q N

B
totG (11)

where ϴtotG is the mean residence time, Q the volumetric throughput, N
the screw speed, and A and B are model parameters. Here, MRT can be
seen as the sum of the residence times in the conveying zone at the
beginning of the extruder and the residence time in the completely
filled, pressurized zone at the end of the extruder. As a consequence,
MRT in the conveying zone depends only on screw speed, while the
MRT in the pressurized zone depends only on the overall volumetric
throughput.

The physical meaning of the model parameters A and B have been
interpreted [42] based on geometrical considerations [39,41] and were
defined as

A = Lf acr (12)

and

BG =
h b

2acr ( )
k D cos

Ltot Lf

g s m max (13)

where Lf is the completely filled pressurized length toward the end of
the extruder, which depends on the specific process parameters. In
contrast, acr, Ltot, kg, Ds, ϕ, hm as well as bmax are geometric constants of

the extruder. The parameter A represent the free volume completely
filled, pressurized part of the extruder, and the parameter B is a coef-
ficient relating to the way of material travelling along the screw-
channels in the partially filled, not pressurized part of the extruder. In
(13), we neglected the shape factor used by Gao et al. [42] and replaced
the number of screw channels (2j − 1) by the abstract number of
channels kg used by Potente et al. [53] (43).

To increase the accuracy of the model, we extended it by the MRT,
i.e. the time of the material remaining in the free volume of the die,
based on the same considerations as those for the completely filled,
pressurized flow section Lf. In addition, we introduced the distinction
between powder transport and melt transport. We considered non-
molten powder to be pushed forward along of the extruder barrel
without sticking to the screw channel or the barrel wall. In contrast, we
assumed the melt transport to occur along the screw channel, i.e. the
quasi-helical movement around the screws. Inclusion of these two
adaptations into (10) yields the following equation for the total MRT
Θtot:

= + + +
B
N

B
N

A
Q

V
Qtot

p die

(14)

where Vdie is the free volume in the die, calculated based on the geo-
metry of the die. Bp is the coefficient relating to the powder transport of
the non-molten polymer. The conceptual meaning of (14) is summar-
ized in. We defined Bp as

B =
L
t

2
p

tp

p (15)

as reported in the literature [72], where Ltp is the axial length of
power transport section and tp is the screw pitch. For the model para-
meter B, the distinction in transport mechanisms yields

B = a L
h b

2
kg Dscos

cr tm

m max (16)

where Ltm is the length of the molten polymer transport. For each ex-
truder element, we distinguished between powder transport and melt
transport depending on the set element temperatures T1-T5. We as-
sumed powder transport if the set temperature was below the polymer
glass transition temperature (T < Tg) and melt transport if the set
temperature was above the glass transition temperature of the polymer

Fig. 1. Molecular dynamics trajectory of 3 terbinafine in 15 Soluplus® polymer chains used for the calculation of the diffusion coefficient after simulation time of 5 ns.
Terbinafine molecules are shown in green. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(T > Tg). For the MRT relevant to the dissolution of API in the polymer
during extrusion Θdiss we only considered extruder sections where the
process temperature was higher than the glass transition temperature Tg

+B
N

= + A
Q

V
Qdiss
die

(17)

2.1.2.2. Calculation of the completely filled length. A graphical summary
of the overall MRT calculation is provided in Fig. 2. To extend the
reported approach of MRT calculation [42], we included the calculation
of the variable length of the completely filled, pressurized length Lf with
the pressure flow characteristics developed by Fornefeld [53]. These
considerations are based on an approximation of the dimensionless
viscous flow between a static and a moving plate geometry [57] and the
twin screw extruder geometry [39]. The mathematical apparatus used
for these calculations is summarized in Table 2. We used the power law
model to describe the viscosity of the polymer melt, which seems to be
well suited to the viscosities of used polymers [73]. Taking into account
the temperature dependence of the polymer melt viscosity using the
Williams–Landel–Ferry equation (WLF) [74], the following relation was
derived for polymer melt viscosity:

= aT Kv
nv 1 (18)

where η is the dynamic viscosity, aT the WLF temperature shift factor
(35), γ the share rate, and Kv the viscosity power law coefficient and nv
the index.

The die pressure Pdie was calculated based on the die geometry and
the polymer melt viscosity [60]. The calculation is based on a viscous
flow through a pipe, which we adapted to a power law fluid by sub-
stituting the term for the Carreau exponent 1-m [75] by the power law
index nv [56]. For the shear rate, we took into account the influence of
temperature by the WLF equation (Table 2). The filled length Lf was
calculated from the pressure decay along each extruder element starting
from die pressure Pdie down to the point of zero pressure using ΔP/ΔZ in
(33) in combination with the mathematical apparatus in Table 2:

=L dZ, P (Z) > 0
0, P (Z) = 0f

(19)

Calculations for the pressure loss along the screw axis ΔP/ΔZ were
done for each separately heated element of the extruder. The com-
pletely filled, pressurized length Lf was then used to calculate para-
meters A and B from (12) and (13). The free cross-sectional area acr was
calculated [60] as stated in Table 2, (40).

We slightly modified the equation for the mean channel height hm
by adding the mechanical clearance c:

hm = hmP + c (45)

In the equations for speed along the channel vz (41) and the model
parameter B (16), we subtracted the mean channel height and added
the clearance c on both sides to the nominal outer screw diameter Dos,
compensating for the subtracted mechanical clearance c contained in
hm:

Ds = Dos 2hm + 4c (46)

2.2. Materials

Terbinafine was purchased from Molekula Limited (Newcastle Upon
Tyne, United Kingdom) and caffeine from Fluka Analytical (Honeywell
Research Chemicals, Bucharest, Romania). Soluplus® (polyvinyl ca-
prolactam-polyvinyl acetate-polyethylene glycol graft copolymer),
Kollidon® VA64 (vinyl pyrrolidone-vinyl acetate copolymer) and
Kollidon® 90F (poly vinyl pyrrolidone) were kindly provided by BASF
SE (Ludwigshafen, Germany). Eudragit EPO (butyl methacrylate-[2-
demethylaminoeethyl] methacrylate-methyl methacrylate copolymer)
was obtained from Evonik Industries AG (Essen, Germany). HPMCP
HP50 (hydroxypropyl methylcellulose phthalate) was kindly provided
by Shin-Etsu Chemical Co., Ltd. (Tokyo, Japan), and β-carotene can-
thaxanthin 10% pellets were obtained from Roche Holding AG (Basel,
Switzerland). Ethanol 96% and dichloromethane were purchased from

Fig. 2. Extruder zones and properties used in the MRT model according to the typical scale.
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Carl Roth GmbH & Co. Kg (Karlsruhe, Germany). Tables B.1 and B.2
show the material properties used for model calculations.

2.3. Experimental methods

2.3.1. Modeling
According to our observations, we chose lower modeling tempera-

tures than the value set on the specific extruder element (data not
shown, compare to section 2.3.13). The overall computation of the
model was performed in Mathematica 11.2 (Wolfram, Oxfordshire,
UK).

2.3.2. Extrusion
We used a ZE HMI 9mm co-rotating mini twin-crew extruder (Three

Tech GmbH, Seon, Switzerland), the barrel consisting of 5 individual
PDI-controlled heating blocks using pressurized air or water as a
coolant. Powder was fed by a flat-bottom double-screw dosing device
(Three Tech GmbH). To obtain the volumetric feed, we calibrated the
hopper feeder for delivered power per time and divided this value by
the polymer density. Powders were blended in a Turbula mixer (Glen
Mills Inc., Clifton, United States). Table B.3 shows extruder specifica-
tions.

2.3.3. Measurements of time to dissolution and data fitting
We performed the measurement of TTD by varying screw speed and

the number of heated blocks which yielded designed residence times
(Table B.4). The averaged residence time for one extruder element
normalized to screw speed was calculated from polymer transport ex-
periments (Table B.5), assuming inverse proportionality between screw
speed and residence time. No die was attached at the end of the ex-
truder and the sample was delivered manually in a single dose. Before
measurement, the extruder was conditioned by feeding material in
excess and running it empty.

Experimental dissolution data were fitted with dissolution function
(Appendix A) in Mathematica 11.2 (Wolfram, Oxfordshire, UK) using
the function “NonlinearModelFit” minimizing for the starting drug
particle radius (R0), the diffusion coefficient (D) and the solubility of
API in the polymer melt (C). Initial parameters close to the calculated
values were chosen. Fitting constraints were set to a maximal deviation
of± 20% for the starting drug particle radius (R0) as well as the solu-
bility of API in the polymer melt (C) and±50% for the diffusion
coefficient (D).

2.3.4. Hot-Stage microscopy
Hot-stage microscopy was performed by putting polymer-drug

powder mixtures on a microscope slide under a cover glass. The slide

Table 2
Equations describing the pressure characteristics (33) used to calculate the completely filled, pressurized length Lf.

Description Source Equation

[53] = tan
tp
Ds

1 (20)

[53] = 2cosj
ac
Ds

1 (21)

[53] = 2cos 1 ac
Ds

(22)

[53] bmax =
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j
cos (23)

[53] =
tp cos

2
(24)

[53] Zfr =
tp (2 )

2 sin
(25)

[53] Zei = t
2 sin

(26)
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[53]

=
+

dx1 + cos a ( ) sinhmP bmax

+bmax

bmax

Ds
x

tp c
Ds

x

tp
1 2

2

2

2
2

cos
2

2
2 2

2
cos

2
1
2

(42)

(43)

Outside helix angel

Fight land angle

Intermeshing angle

Maximal channel width

Flight land width

Free channel length

Intermeshing channel length

Number of channels around the screws

Speed along channels around screw
Geometry factor

General throughput equation

Model parameter

Model parameter

Relation of dimensionless pressure and pressure

Dimensionless volumetric flow

WLF factor

Die shear rate

Viscosity in die

Die pressure

Screw cross sectional area

Free cross sectional area

Speed along screw channel
Mean channel height

Abstract number of channels

Reference temperature

[53] kg = 2j 1 + j

[74] Tr = Tg + Twlf = Tg + 43 °C (44)
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was put on a custom-made electric heating stage equipped with con-
stant internal air flow to minimize temperature fluctuations.
Temperature was controlled by an in-buildt thermometer and regulated
by altering the electric current. The microscope used was an Eclipse
E800 (Nikon PLC, Tokio, Japan) in combination with the camera
grabber software Toup View 3.7 (ToupTek, Zhejiang, China).

2.3.5. Analysis of crystalline content
The degree of crystallinity of the samples was measured by X-ray

refractive powder diffraction (XRPD) at 4°/min with steps of 0.01° on a
SmartLab diffractiometer system 3.1.0.3 (Rigaku, Tokyo Japan) using a
HyPix-3000 detector and the software PDXL2 2.4.2.0 for analysis of
diffractiograms. Samples were prepared by manually grinding the ex-
trudates of powder mixtures to fine powder which was placed into a
low-background sample holder with defined volume. Quantitative
measurement was done by using an external, linear calibration
(y=2198x with R2= 0.9839 for terbinafine and y=753056x with
R2=0.9826 for caffeine) correlating the API peak area at 6.0° 2-Theta
for terbinafine and 11.7° 2-Theta for caffeine with the weight percent of
crystalline drug in a physical mixture of drug and extruded polymer.
The detection limit for terbinafine and caffeine was determined to be
1% (observable change from baseline).

2.3.6. Dynamic light scattering
We measured the API particle size by dynamic light scattering (DLS)

using a Mastersizer X (Malvern Instruments PLC, Malvern, UK) in
combination with their small volume sample presentation unit using
purified water as a medium. Lenses and instrument setting were opti-
mized prior to measurement.

2.3.7. Powder transport
The MRT of powder transport Θtp was measured by extrusion at

room temperature without die plate. Before measurement, the extruder
was conditioned by feeding material in excess and running it empty. For
the experiment, a defined amount of powder was fed manually in a
single dose. The cumulative exhaust mass was measured on-line by a
PB3002-L Balance (Mettler-Toledo, Greifensee, Switzerland) beneath
the extruder exit recorded at an interval of 5 s. MRT was determined by
linearly fitting the weight increase and calculating the time necessary to
transport half of the material. Table B.5 shows experimental settings.

2.3.8. Melt transport
The procedure was the same as that described in section 2.3.7, but

MRT was observed visually. After a first fraction of material exited
slowly form the extruder, the main fraction exited as one bulk. The time
of the appearance of the bulk in the extruder exit was taken as MRT.
Experimental settings are shown in Table B.5.

2.3.9. Measurement of die pressure
In-die pressure Pdie was measured by a pressure sensor (MPI

Morheat Inc., Toronto, Canada) in a custom made die exit block having
interchangeable die inserts. Experimental settings are shown in Table
B.6.

2.3.10. Measurement of pressure decay
To measure pressure decay along the barrel length ΔP/ΔZ, the fol-

lowing assumptions were made: The measured in-die pressure is the
maximal pressure, the minimal pressure is zero and located at the be-
ginning of the filled length, and the pressure decay is a linear ramp
between die pressure and zero pressure. The beginning of the filled
length was observed visually in an orifice in the extruder barrel, located
at a distance of 132mm from the in-die pressure sensor. At constant
screw speed, the feed rate was adapted so that the beginning of the
filled length appeared in the observational orifice. With the process in
equilibrium, the in-die pressure was registered and throughput was

measured by collecting extruded polymer for a defined time. The vo-
lume of the cooled polymer was measured by helium pycnometry on an
AccuPyc 1330 (Micromeritics Instrument Corp., Norcross, United
States). Experimental settings are shown in Table B.6.

2.3.11. Measurement of polymer melt viscosity
Samples for viscosity measurement were prepared by transferring

hot, viscous extrudate from the extruder directly into a tablet die fol-
lowed by manual compacting into discs of 11mm diameter and ap-
proximately 1mm in height. Viscosity was measured on an ARES-G2
rotational rheometer from TA Instruments (New Castle, Delaware,
United States) using two oscillating parallel plates in a temperature
controlled environment. To exclude the influence of amplitude on the
measurement, a strain scan from 0.03% to 3% at constant frequency of
10 rad/s was done for every sample. Subsequently, a frequency scan
from 100 to 0.04 rad/s was performed to obtain complex viscosity va-
lues for different shear rates. The zero shear rate viscosity was de-
termined by keeping a constant frequency of 0.003 Hz and increasing
the step time continuously up to 600 s. Measurement temperature was
set 43 °C higher (Twlf) than the polymer glass transition temperature
according to WLF conditions [74].

2.3.12. Measurement of overall mean residence time
We measured overall MRT by running the extruder continuously

with only polymer at specified process parameters. At time zero, a
sample of 6mg of β-carotene canthaxanthin 10% pellets was added as a
tracer. At specified time points, samples were collected at the exit of the
extruder. The samples were dissolved in ethanol 96% (Soluplus,
Eudragit EPO) or dichloromethane containing 33% (v/v) ethanol 96%
(HPMCP HP 50). The concentration of beta-carotene canthaxanthin
10% was measured on a Ultrospec 3100 pro UV/Vis Spectrometer
(Amersham Biociences, Amersham, United Kingdom) using external
calibration (y=17.101x - 0.0118 with R2=0.9966 for samples dis-
solved in ethanol 96% and y=18.524x 0.0094 with R2= 0.9939 for
samples dissolved in dichloromethane containing 33% (v/v) ethanol
96%) at 479 nm. The background containing nominal polymer con-
centration was subtracted before measurements. By correlating the
measured concentrations to the corresponding time point, MRT dis-
tribution was established from which the MRT was obtained by
weighted averaging. Experimental settings are shown in Table B.7.

2.3.13. Overall model validation points
We performed extrusions with terbinafine in Soluplus® using the

proposed model to define process parameters using two levels of drug
load xd and MRT relevant for dissolution Θdiss each. We chose a target
process temperature of 112.5 °C (corresponding to 125 °C set tempera-
ture) and calculated a maximal drug load xdmax of 27.0% (w/w) at this
temperature. We defined the test levels of 26.6% and 33.3% (w/w)
drug load xd for which we calculated times to dissolution tdiss of 457 s
and infinity (incomplete dissolution). We chose the following tem-
peratures of the extruder elements: 45.0 °C, 54.0 °C, 99.0 °C, 108.0 °C,
and 117.0 °C (corresponding to 50 °C, 60 °C, 110 °C, 120 °C, and 130 °C
set temperatures). We defined MRT relevant for dissolution Θdiss levels
of 63 s (lower limit of possible Θdiss) and 98 s for which we calculated
necessary extrusion settings of feed rate Rf= 1.3% with screw speed
N=200 and Rf= 1% with N=100. The calculated, time-weighted
process temperatures were 112.0 °C for Θdiss= 63 s and 110.8 °C for
Θdiss= 98 s. The calculated percentages of crystalline drug for the high
drug load level at the MRTs relevant for dissolution Θdiss of 63 s and 98 s
were 24.2% and 22.5%, whereas and the corresponding percentages for
the low drug load level at the same MRTs were 8.5% and 5.3%, re-
spectively.
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Fig. 3. Measured and modeled dissolution of terbinafine at 103.5 °C (A),
112.5 °C (B), and 121.5 °C (C) (corresponding to 115 °C, 125 °C, and 135 °C,
respectively) and caffeine at 112.5 °C (D) (corresponding to 125 °C). Dots are
experimental data from XRPD measurements (error bars show standard de-
viation, n=3). Solid curves were calculated according to Section 2.1.1 with the
shaded areas indication the dissolution for the particle size dissolution (darker
shade equals to higher fraction of the corresponding particle size). Dashed
curves are the fitting functions according to Section 2.3.3 with goodness of fit
indicated as R2. The Pearson correlation factor r and the slope k indicate the
correlation between measured and modeled data.

3. Results

3.1. Model for Time to Dissolution (TTD)

3.1.1. Method validity
When comparing the percentage of total terbinafine dissolved in

Soluplus® after extrusion with different process conditions at constant
MRT relevant for dissolution Θdiss (settings 1–4 in Table B.4), no sta-
tistically significant differences between the average of the groups were
observed (ANOVA at 95% confidence, p > 0.58, n= 3, overall mean
at 12.24% (w/w) remaining crystallinity). The full data are shown in
Table C.1.

3.1.2. Overall time to dissolution
Mediocre to good correlations between the calculated dissolution

curves (section 2.1.1) of terbinafine in Soluplus® and the measured
results were observed (Pearson correlation coefficient r from 0.8338 to
0.9878). The model was less sensitive to the changes in temperature
than the experimental values (Fig. 3). The fitting with the model
function within the defined constraints showed mediocre to good
coefficient of determination (R2 of 0.8743 to 0.9884). The dissolution of
caffiene in Soluplus® showed an increase and subsequent decrease in
remaining crystallinity. Fig. C1 shows recrystallization of caffeine
during dissolution in molten Soluplus® observed during hot-stage mi-
croscopy. The Pearson correlation coefficient r of calculated dissolution
curves and measured results for caffeine in Soluplus® was negative (r of
-0.6503). Fitting of the experimental data with the dissolution model
function within the constraints showed mediocre coefficient of de-
termination (R2 of 0.7575).

3.2. Model for mean residence time (MRT)

Die pressure, pressure decay, and mean transport times were pre-
dicted with strong correlations (Pearson correlation coefficients
r=0.9646, r=0.9803, and r=0.9776, respectively) and good ac-
curacies (linear fitted slopes k=1.063, k=1.094, and k=1.182, re-
spectively). Overall MRT were predicted with acceptable correlation
(Pearson correlation coefficient r=0.8641) and accuracy (linear fitted
slopes k=0.732) for the polymers Soluplus® and Eudragit EPO. The
predictions for HPMCP HP50 showed stronger inaccuracies for overall
MRT (Fig. 4).

3.3. Overall model validation points

Extrusion at the higher drug load xd level (33.3% w/w) of terbina-
fine in Soluplus® resulted in incomplete dissolution during extrusion,
independent of the MRT relevant for dissolution Θdiss, as can be seen by
the crystallinity peaks in the corresponding XRPD diffractograms. When
comparing to the corresponding physical mixture, crystallinity was
reduced during extrusion which indicates partial dissolution. For the
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lower drug level xd (26.6% w/w), a substancial reduction in crystal-
linity was achieved during extrusion for Θdiss levels 63 s and 98 s, with
slightly less crystallinity for Θdiss level 98 s with small crystallinity
peaks indicating a remaining crystallinity of less than 10% (Fig. 5).

3.4. Particle size distribution and diffusion coefficient

The particle radius of terbinafine and caffeine were determined to
be 90 and 18.5 μm in mean (volume distribution), respectively. Their
size distribution is shown in Fig. C1. Hot-stage microscopy images of
caffeine dissolving in Soluplus® at 125 °C are shown in Fig. C2. The
diffusion coefficient (molecular dynamics simulation) was determined

to be 8.12× 10−10 m2/s for terbinafine and 7.03× 10−11 m2/s for
caffeine, respectively.

4. Discussion

We present in the present work a mathematical model, which can
establish a direct link between process parameters of the hot-melt ex-
trusion (HME) process and the resulting properties of amorphous solid
dispersions (ASD). Predicted key parameters thereby are the time to
dissolution (TTD) of solid drug particles within the molten polymer and
the mean residence time (MRT) of drug in the extruder.

Fig. 4. Modelled vs. measured die pressure (A), pressure decay (B), mean conveying time (C), and overall mean residence time (D). Pearson correlation coefficient r
and the slope of the fitted linear regression k are indicated for each model. Numbers of validation points indicate the experimental numbers according to Table B.5,
Table B.6, and Table B.7. For the overall MRT, the validation points using HPMCP HP50 (points 36, 37, and 42) were excluded from the calculations of k and r.
Modeled points were calculated according to Section 2.1.2.

A. Schittny et al. European Journal of Pharmaceutics and Biopharmaceutics 132 (2018) 127–145



3 Results 

41 

Fig. 5. X-ray diffractograms of extrudates at calculated MRT relevant for dis-
solution Θdiss at levels 63 s and 98 s, drug loads xd at levels 26.6% and
33.3% (w/w), as well as corresponding physical mixtures using Terbinafine and
Soluplus® as model substances. The y-axis represents the intensity (cps).

4.1. Model for time to dissolution (TTD)

Our experiments showed that remaining crystallinity of API in the
polymer after extrusion is determined exclusively by material proper-
ties of the used polymers and drugs (i.e. tdiss) and by the time that the
solid drug particles spent in the molten polymer matrix (i.e. Θdiss). The
remaining crystallinity was independent of process parameters such as
screw speed or number of heated extruder elements while keeping MRT
relevant for dissolution (Θdiss) constant. At first, this justifies our model
validation approach, which is, to our knowledge, the first method to
describe dissolution of drug particles in molten polymer during HME.
Secondly, this simplifies process design, optimization, and scale-up
since the full set of material properties and process parameters can be
represented adequately by the two key process values time to dissolu-
tion tdiss and MRT relevant for dissolution Θdiss. Furthermore, we pro-
pose that the linking of those two key process values facilitates rational
process design.

The correlation of modeled dissolution curves and measured data
showed the models predictive power and its limits: While terbinafine in
Soluplus® at 115 °C showed good results, the data at other temperatures
showed that the dissolution model is not sufficiently sensitive to tem-
perature changes. For caffeine in Soluplus®, the prediction was less
accurate. We hypothesize that the increase of crystallinity at later time
points is due to recrystallization, which was confirmed by hot-stage
microscopy observations (Fig. C1). It is possible that caffeine re-
crystallized to another polymorph, which affects dissolution kinetics.

The main peak visible in XRPD for caffeine-Soluplus® mixtures at 11.7°
2-Theta was used for quantification. In vicinity to this angle, both
polymorphs of caffeine show characteristic peaks [76], therefore a clear
distinction between the polymorphs was not possible for drug-polymer
mixtures. Looking at the dissolution data for both terbinafine and caf-
feine, we conclude that the model showed some predictive power which
still has to be verified for more drug-polymer systems. This is supported
by looking at the fitting results, which confirmed mediocre to good
fitting accuracy (coefficient of determination 0.7575 < R2 < 0.9878)
within the defined constraints for particle size (R0), solubility (C), and
the diffusion coefficient (D).

Material parameters needed for our model are generally easy to
determine, with the exception of the Hansen solubility parameters. If
measured values are not available in the literature, different group
contribution methods can be used for prediction [32,34,34,68,69,77].
However, these are not available for all chemical groups and can de-
viate from experimental values when calculated for the whole mole-
cule. A further challenge in the TTD model is that the diffusion coef-
ficient has to be calculated by molecular dynamics, which is still a
complex and computation-intensive method. However, this approach
takes into account molecular interactions. At the same time, molecular
dynamics might also be a useful method for determining the Hansen
solubility parameters [78].

Our model is valid for processes where the melting point of the API
is higher than the extrusion temperature. In other cases, the API would
melt and a mixing model would be necessary to predict the TTD. Due to
the high shear rates and efficient mixing in twin-screw extruders, we
assume that this time will be short enough to not be a relevant lim-
itation to the process. The model does not take into account the effect of
kinetic motion and mixing of the polymer melt during the dissolution.
The approximated solution of a spherical particle dissolving an un-
bounded, stagnant liquid volume [65] seems to be applicable for hot
melt extrusion. We propose that dissolution during HME is mainly
diffusion-controlled due to the high viscosity of the polymer melt.
Further possible effects that are not modeled are recrystallization of the
API in the extruder or transition to different polymorphs, as well as the
effect of drug load on volume or density change at increasing drug
concentrations. From a theoretical point of view, the approximation for
the calculation of dissolution of a solid sphere is correct for low solu-
bility factors S [65]:

S = C C

1
1b

d
C

p (47)

As we used a variable bulk concentration of API in the surrounding
polymer Cb, this factor was not constant over time. The solubility factor
S will be bigger at the beginning of the dissolution and decreases with
increasing time. Possible extensions of the model could account for non-
spherical drug particles or variant melt mixture volume surrounding the
drug particles with increasing amounts of drug dissolving in the molten
polymer.

We used the TTD model in the present work to predict dissolution
behavior of the model drugs terbinafine and caffeine in Soluplus®. The
choice for those two model systems was made after a feasibility
screening by hot-stage microscopy and extrusion experiments with the
drugs metronidazole, indomethacin, terbinafine, caffeine, paracetamol,
bismuth-subsalicylate, and carbamazepine in selected combinations
with the polymers Soluplus®, Kollidon® VA64, Kollidon® 90F, HPMCP
HP55, Kollidon® 30, Kollidon® 17PF and Kollidon® 12PF (data not
shown). While some combinations showed either very fast dissolution
of the drug in the molten polymer, others did not dissolve and therefore
were not suitable for dissolution experiments. Carbamazepine showed
extensive transition between polymorphs during extrusion, which made
a quantification with XRPD impossible. While terbinafine in Soluplus®
was selected as the most suitable system for model performance in-
vestigations, caffeine in Soluplus® was selected as additional system,
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despite observed recrystallization.
The experimentally obtained TTD values correlated well with the

predicted values but were more sensitive to the process temperature
than predicted values.

4.2. Model for mean residence time (MRT)

Transport times, die pressure, pressure decay during HME and,
consequently, overall MRT could be predicted by our model. The only
exception was the polymer HPMCP HP50. A possible reason is that the
measured viscosity power law index nv of the polymer melt distin-
guishes itself from the relevant nv in the extruder. This could be due to
commonly observed formation of gas bubbles during extrusion or
polymer degradation [24].

Material properties needed for MRT calculations are generally easy
to obtain with the exception of melt viscosity of the polymers. To
measure the rheological properties of those polymers, special instru-
ments are needed. Alternatively, a method for viscosity measurement
with the extruder itself is available [79]. However, the number of
needed measurements is low since there is only a limited number of
polymers licensed for pharmaceutical production, which can be used
for HME.

As the model takes into account the extruder geometry and is based
on dimensionless variables, we suppose it to be fully scalable to any
kind of extruders except for kneading disk elements. Eventually, the
model should be expanded to include kneading disk elements, as they
are crucial for hot-melt extrusion process [80]. Approaches of kneading
disk modeling for pressure characteristics (needed for the determina-
tion of the completely filled, pressurized length) and material flow
(necessary to determine the mean residence time) were already de-
scribed in literature and could be integrated into the model
[40,42,60,61]. From theoretical considerations, this model is limited to
polymer melts that behave as power law fluids. Another parameter
linked to viscosity is the process temperature limited to±50 °C from
the reference temperature according to the WLF equation [74]. In
practice, most extrusion temperatures are in this range. In order to
obtain the reference temperature, the polymer must have a glass tran-
sition temperature region. Furthermore, the approximated relation [53]
between dimensionless volumetric throughput Q* and the dimension-
less pressure gradient P* [57] is only valid for a range of
0.55 < Q* < 1.45. Looking at the approximation fitting (data not
shown) and our experimental results, we propose that this restriction
can be extended to the full range for Q* for power law viscosity indexes
nv < 0.3. For nv < 0.3 and Q < 0.55 or Q* > 1.45, we propose to
use the following, empirically adapted equation instead of equation
(30) in Table 2.

Q = P
n

n1 + 11 2 0.94 (48)

This will reduce the slope of the approximated linear correlations
between Q* and P* and will therefore fit the analytical solution [57] for
small nv and small or large Q*.

The equation for powder transport in the approach [72] to calculate
Bp (15) does not represent the actual physical speed that a screw flight
would travel along the screw axis but doubles this time by factor 2. We
believe that this factor was introduced to account for the inefficiency in
the transport due to, for example, mechanical clearance between screw
and barrel of the extruder. We used this equation in our model as it
predicts the powder transport time very accurately in our case. How-
ever, the mechanism of transport is complex [48,81,82] and the pro-
posed equation possibly not scalable. As dry powder transport is not
included in the MRT relevant for dissolution Θdiss, we only used this

value for overall MRT model validation experiments. We did not in-
vestigate this mechanism of transport in more detail. Future research
should take into account possible changes in viscosity and density due
to dissolution of API in the polymer melt leading to plasticizing effects.

It is interesting to note that for extrusion conditions, where the
temperature of the die is equal to the temperature of the completely
filled, pressurized length Lf, the MRT becomes independent of tem-
perature and the viscosity power law coefficient Kv. This could espe-
cially be used for the unknown influence of drug load on the viscosity
power law coefficient K. However, this is not applicable for changes in
the viscosity power law index nv.

4.3. Overall model

Using the proposed model, it is possible to determine the maximum
soluble drug load for a given API in a given polymer matrix xdmax.
Subsequently, the model allows calculating the necessary time to dis-
solution tdiss for the formation of an amorphous solid dispersion. In a
next step, the model can be used to find process parameters which will
yield an MRT relevant for dissolution Θdiss in relation to the calculated
tdiss. As there are different process parameter combinations that will
lead to the same MRT, further aspects, e.g. throughput maximization or
process efficiency, can be taken into account for rational process
parameter settings using further output values of the model, e.g. pres-
sure characteristics. Due to the higher number of input variables de-
fined by the process for each model calculation (37 variables) the model
is complex and contains several assumptions and constrains. However,
to our knowledge, there is no simpler model available. Simplification of
the model, e.g. by sensitivity analyses for the different variables will be
useful for practical implication. However, this still has to be verified
experimentally.

Our experiments using a fully instrumented table-top extruder al-
lowed for an efficient investigation of different experimental conditions
since batch sizes for this instrument are small (i.e. 10–15 g of a powder-
mix per assay). As our model by design does not limit or contradict the
its use for larger extruders and most of the existing model incorporated
into our model were validated for larger extruders, it seems possible
that this model might also be of use for larger extruders. However,
validation experiments on such extruders will be necessary. It should be
noted that measured temperatures of the melt were measured to be
lower than the nominal temperatures of the extruder elements (com-
pare to section 2.3.13). This effect is due to heat dissipation and has
been described and modeled in literature [49,60]. We could thus con-
firm the correct process predictions for the case of terbinafine in So-
luplus®. A drug load value xd higher than the predicted maximum drug
load value xdmax led to incomplete dissolution during extrusion, which
in turn validated the theoretical assumptions. Processes with MRT re-
levant for dissolution Θdiss predicted to obtain low percentages of re-
maining crystallinity (8.5% and 5.3%) yielded extrudates with small
crystallinity peaks indicating a remaining crystallinity of< 10% ac-
cording to theoretical expectations. We propose that choosing drug load
values xd close to the maximum drug load values xdmax and selecting
appropiate MRTs relevant for dissolution Θdiss (yielding ASD with small
percentages of remaining crystallinity) will lead to high-quality for-
mulations, which can be produced by fast and effective processes with a
minimized risk for temperature induced degradation.

The absolute prediction accuracy of the model varied from good
(Pearson correlation coefficient r < 0.95) to intermediate (r < 0.8)
with the exception of the dissolution of caffeine in Soluplus®
(r < 0.6503), probably due to recrystallization of the latter. Currently,
the model will not be able to replace experiments for formulation and
process development. However, we suggest that it might facilitate
process development by narrowing down the search range for process
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parameters. Further work will be necessary to increase the model ac-
curacy, e.g. by adding additional effects like recrystallization, plasti-
zising effects, etc.

5. Conclusion

effective formulation development and feasibility calculations in early
stages of drug development. Further experiments will be necessary to
investigate the model validity for a broader range of drug-polymer
systems and extruder setups.
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We proposed a mathematical, potentially scalable model for the
development of a hot-melt extruded amorphous solid dispersion to in-
crease bioavailability of orally delivered BCS class II drugs with poor
solubility. We identified the time to dissolution and MRT relevant for
dissolution as key process values and suggest that their linking allows
for rational process design. A first set of experiments supports our
predictions of the overall process as well as relevant underlying me-
chanisms with exceptions and support the proposed process under-
standing. This modeling approach might allow for fast and cost-

Appendix A. TTD calculations

To calculate the initial volume per particle, we calculated the number of particles N for a specific drug weight ratio xd based on the initial particle
radius R0 by dividing the weight of the drug by drug density and initial volume per particle:

N = 3x
R4p
d

d 0
3 (A.1)

We obtained the surrounding volume per particle Vb by dividing the polymer weight by its density (total surrounding volume) and the number of
particles Np:

Vb =
R

x
4(1 xd )

3
d

p d

0
3

(A.2)

To find the function of the radius of the particle over time, we combined (1), (2) and (A.2) which resulted in the following simplified function:
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To solve this equation for R(t), it can be brought into the following form:
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By defining the constants KA and KB as

+KA = R tDC tD x2
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and

KB =
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we obtain:

0 = KA (R (t))2 KB (R (t))3 (A.7)

This cubic solution yielded one real solution for R:
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By resubstituting constants KA and KB from eq. (A.5) and (A.6) into Eq. (A.8), the dissolution of the particle as function of its radius R can be
plotted.
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Appendix B. Experimental details

See Tables B1-B7.

Table B1
Terbinafine and caffeine physical properties used for TTD model calculations.

Property Symbol Source Terbinafine Caffeine

Md DrugBank 291.4 g/mol 194.2 g/mol
ρd DrugBank 1.01 g/cm3 1.23 g/cm3

R0 Measurement 90 μm 18.5 μm

Molar mass
Density
Drug particle radius
Total Hansen solubility δd [83,84] 23.8MPa1/2 25.5MPa1/2

parameter
Drug load xd Predifined 33% 33%

Table B2
Polymer physical properties used for TTD and MRT model calculations (values in brackets were not used in this study).

Property Symbol Source Values

Soluplus Kollidon VA64 Eudragit EPO HPMCP
HP 50

nv Measurement 0.361 0.677 0.479 0.344
Kv Measurement 15596 Pa sn 3563 Pa sn 91169 Pa sn 16836 Pa sn

Tg 101 °C 88 °C 145 °C
Twlf

[73] 70 °C
[74] 43 °C 43 °C 43 °C 43 °C

C1 8.86 8.86 8.86
C2 101.6 101.6 101.6
Mp (55000 g/mol) (47000 g/mol) (84000 g/mol)
ρp 1.1 (approx.) 1.1 (approx.) 1.1 (approx.)

Power law index
Power law coefficient
Glass transition temperature
WLF temperature shift
WLF constant 1
WLF constant 2
Molar mass
Density
Total Hansen solubility parameter δp

[74] 8.86
[74] 101.6
[73] 118,000 g/mol
[85] 1.1
[73] 19.4MPa1/2 (19.7MPa1/2) (19.6MPa1/2) –

Table B3
Extruder specifications.

Property Symbol Specification

Db 9.30mm
ac 7.50mm
c 0.25mm
tp 8.90mm
Dos 8.65mm
Di 5.80mm
Ltot 242.00mm
j 2
Ddie 1.00mm/1.00 mm

Barrel inner diameter for 1 screw
Screw centerline distance
Mechanical clearance
Screw pitch
Outer screw diameter
Inner screw diameter
Total screw length
Number of screw flight
Die diameter (die 1/die 2)
Die length (die 1/die 2) Ldie 5.10mm/19.00mm
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Table B6
Experimental settings for measurements of die pressure and pressure decay (with the abbreviations No. denoting experiment number and n number of repetitions).

No. Polymer N [s−1] T1 – T5 [°C] Measured Rf [cm3/min] n

28 Kollidon VA 64 50 160 0.6028 1
29 Kollidon VA 64 100 160 0.9472 1
30 Kollidon VA 64 150 160 1.3768 1
31 Kollidon VA 64 50 150 0.3654 1
32 Kollidon VA 64 100 150 0.5670 1
33 Kollidon VA 64 150 150 0.9184 1

Table B4
Different extruder settings and corresponding designed averaged mean residence times for terbinafine and caffeine.

Setting Heated elements (proximal
to extruder exit)

Screw speed
[rpm]

Residence time in heated
region [s]

I 4 200 21.22
II 3 150 21.22
III 2 100 21.22
IV 1 50 21.22
V 5 50 106.10
VI 1 10 106.10
VII 5 100 53.05
VIII 1 20 53.05
IX 1 100 10.61
X 1 100 10.61
XI 1 200 5.31
XII 1 300 2.66

Table B5
Experimental settings for powder transport and melt transport measurement (with the abbreviations No. denoting for experiment number, RT for room temperature,
n for number of repetitions).

No. Polymer N [s−1] T1 [°C] T2 [°C] T3 [°C] T3 [°C] T5 [°C] n

1 Soluplus 50 RT RT RT RT RT 3
2 Soluplus 100 RT RT RT RT RT 3
3 Soluplus 150 RT RT RT RT RT 3
4 Kollidon 90 F 50 RT RT RT RT RT 4
5 Kollidon 90 F 100 RT RT RT RT RT 4
6 Kollidon 90 F 150 RT RT RT RT RT 4
7 Eudragit EPO 50 RT RT RT RT RT 3
8 Eudragit EPO 100 RT RT RT RT RT 3
9 Eudragit EPO 150 RT RT RT RT RT 3
10 HPMCP HP 55

fine
100 RT RT RT RT RT 3

11 Eudragit EPO 50 130 130 130 130 130 3
12 Eudragit EPO 100 130 130 130 130 130 3
13 Eudragit EPO 150 130 130 130 130 130 3
14 Soluplus® 100 RT RT RT 135 135 2
15 Soluplus® 150 RT RT 135 135 135 2
16 Soluplus® 200 RT 135 135 135 135 2
17 Souplus® 200 RT RT RT 125 125 1
18 Souplus® 50 125 125 125 125 125 1
19 Souplus® 100 125 125 125 125 125 1
20 Souplus® 50 RT RT RT RT 125 1
21 Souplus® 200 RT RT RT RT 125 1
22 Souplus® 100 RT RT RT RT 125 1
23 Souplus® 300 RT RT RT RT 125 1
24 Souplus® 20 RT RT RT RT 125 2
25 Souplus® 50 RT RT RT RT 125 2
26 Souplus® 100 RT RT RT RT 125 2
27 Souplus® 200 RT RT RT RT 125 2
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Appendix C. Supplemantary data

See Tables C1-C2.

See Figs. C1 and C2.

Table C1
Individual amounts of remaining crystallinity for drugs of the method validity experiment (refer to Section 3.1.1) for a designed residence time in heated regions.

Remaining Crystallinity [drug/drug %] Average [%] Standard Deviation
[%]

1 2 3

10.67 9.90 10.31 10.29 0.38
10.10 18.69 11.97 13.59 4.51
9.52 15.90 10.20 11.87 3.50
14.61 10.68 14.32 13.20 2.19

Table C2
Parameters of fitting experimental results of terbinafine and caffeine dissolved during hot-melt extrusion at different temperatures compared to calculated para-
meters. In detail, the parameters are the starting particle radius (R0), the diffusion coefficient (D) and the solubility of API in the polymer melt (C).

System Model Parameters Experimental Fitting

R0 [μm] D [m2/s] C [kg/m3] R0 [μm] D [m2/s] C [kg/m3]

Terbinafine, 115 °C 90 8.12× 10−10 432.9 108 4.06×10−10 498.2
Terbinafine, 125 °C 90 8.12× 10−10 443.5 108 4.06×10−10 522.8
Terbinafine, 135 °C 90 8.12× 10−10 454.2 92 4.11×10−10 521.0
Caffeine, 125 °C 18.5 7.03× 10−11 482.5 14.8 1.05×10−10 445.9

Table B7
Experimental setting for overall mean residence time measurement (with the abbreviations No. denoting for experiment number and n for number of repetitions).

No. Polymer Rf [%] N [s−1] T1 [°C] T2 [°C] T3 [°C] T3 [°C] T5 [°C] n

34 Soluplus 1.0 100 50 60 110 120 130 1
35 Soluplus 0.6 100 50 60 110 120 130 1
36 HPMCP HP50 0.6 50 70 100 120 140 150 1
37 HPMCP HP50 0.6 100 70 100 120 140 150 1
38 Eudragit EPO 1.0 100 50 80 100 120 120 1
39 Eudragit EPO 1.0 100 50 80 100 150 150 1
40 Soluplus 1.4 100 50 60 110 120 130 1
41 Soluplus 1.0 150 50 60 110 120 130 1
42 HPMCP HP50 0.6 150 70 100 120 140 150 1
43 Eudragit EPO 1.0 100 50 80 100 135 135 1
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Fig. C1. Particle size distribution (radius) of terbinafine (A) and caffeine (B).

A. Schittny et al. European Journal of Pharmaceutics and Biopharmaceutics 132 (2018) 127–145

Fig. C2. Hot-stage microscopy of caffeine particles and its aggregates at 125 °C. While the particles dissolve in the molten polymer, recrystallization was observed. 



3.1 Modeling of Hot-Melt Extrusion as Production Process for ASDs 

48 

A. Schittny et al.

Appendix D. Notation

See Table D1.

Table D1
Symbols, descriptions, and units.

Symbol Description Units

A [m3]
ac [m]
acr [m2]
ascr [m2]
aT [–]
B [–]
BG [–]
bmax [m]
Bp [–]
c [m]
C [kg/m3]
C1 [–]
C2 [–]
Cb [kg/m3]

D [m2/s]
Db [m]
Ddie [m]
Di [Di]
Dos [m]
Ds [m]
F [-]
hm [m]
hmP [m]
j

Model parameter for pressurized flow
Distance between the screw centers
Free cross sectional area in the extruder
Cross sectional area of one screw
WLF temperature shift factor
Model parameter for melt transport
Model parameter [42]
Maximum screw channel width
Model parameter for powder transport
Mechanical clearance between screw and barrel
API solubility in polymer melt
WLF-Constant 1
WLF-Constant 1
API concentration in polymer melt as function of
time
Diffusion coefficient
Barrel inner diameter
Die diameter
Screw inner diameter
Outer screw diameter
Screw diameter used for calculations
Geometry factor
Mean screw channel height
Mean channel height [53]
Number of screw flights [–]

KA [–]
KB [–]
kg

Constant in cubic solution
Constant in cubic solution
Number of screw channels [–]

Kv [Pa sn]
Ld [m]
Ldie [m]
Lf [m]
Lfd [m]
Ltm [m]
Ltot [m]
Ltp [m]
m [–]
Md [kg/mol]
Mp [kg/mol]
N [rev/s]
Np [kg−1]
nv [–]
P [Pa]
P* [–]
Pdie [Pa]
Q [m3/s]
Q* [–]
R [kg m2/(s2 mol K)]
r [m]
R0 [m]
Rf [%]
Rp [m]
S [–]
T [°C]
t [s]
T1-T5 [°C]
tdiss [s]
Tg [°C]
tp [m]
Tr [°C]
Tp [°K]
Twlf [°C]
v [m3]
Vb [m3]
Vdie [m3]
Vmix [m3/mol]
vz [m/s]
xd [% w/w]
xdmax

Power law viscosity coefficient
Axial length to die
Die length
Completely filled, pressurized length
Length of die flow
Length of melt transport
Total screw length
Length of powder transport
Number of lattice sites
Drug molar mass
Polymer molar mass
Screw speed
Specific number of particles per drug weight
Power law viscosity index
Pressure difference along screw axis
Dimensionless pressure gradient
In-die pressure
Volumetric throughput
Dimensionless volumetric throughput
Gas constant
Radial distance in molecular modeling
Starting API particle radius
Hopper feeder feed rate
API particle radius as function of time
Solubility factor
Temperature
Time
Set temperatures of barrel elements 1–5
Calculated time to dissolution
Polymer glass transition temperature
Screw pitch
WLF reference temperature
Process temperature
WLF temperature shift factor
Lattice site volume, drug molecule volume
Specific polymer melt volume per drug particle
Free volume of the die plate
Molar mixture volume
Speed along the screw channel
Drug load weight fraction
Calculated maximum drug load weight fraction [% w/w]

(continued on next page)
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Appendix E. Supplementary material

Supplementary data to this article can be found online at https://doi.org/10.1016/j.ejpb.2018.09.011, where the ready to use Mathematica file is
available for download.
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1. Introduction

Even though poorly soluble drug candidates constitute the
largest amount of drug candidates in the development, they
suffer from the highest attrition rates (Lipp, 2013), frequently
due to low bioavailability (Waring et al., 2015). A potential
solution is drug delivery in the form of amorphous solid dis-
persions (ASDs) (Padden et al., 2011). In the last decades,
ASDs have been researched with increasing interest, as
showed in a recent literature and patent analysis: In both,
academia and industry, an exponential increase of articles
and patents was observed (Zhang et al., 2018).

Various definitions of ASDs have been used, often taking
into account underlying physicochemical properties (e.g.
being eutectic), the absence or presence of crystallinity, or
the thermodynamic vs. the kinetic stability of the system.
However, in the context of pharmaceutical drug delivery, a
definition that is also used in this article has prevailed: ASDs
are systems in which an active pharmaceutical ingredient
(API) is embedded largely amorphously into a solid matrix,
often consisting of polymers (Huang & Dai, 2014).

The use of ASDs in oral drug delivery has shown to
enhance in vitro performance as well as in vivo bioavailability
in animals (Yu et al., 2013; Fule et al., 2015, 2016; Agrawal
et al., 2016; Kate et al., 2016; Mitra et al., 2016; Xia et al., 2016;
Zhang et al., 2016; Knopp et al., 2018; Liu et al., 2018) and in
humans (Six et al., 2005; Weiss et al., 2009; Moes et al., 2011;
Aboelwafa & Fahmy, 2012; Krishna et al., 2012; Marchetti
et al., 2012; Zayed et al., 2012; Othman et al., 2012a,b; Moes

et al., 2013; Prasannaraju et al., 2013; Shah et al., 2013; Anon,
2014). An overall statistically positive effect of ASD on bioavail-
ability was measured in a recent meta-analysis (Fong et al.,
2017). In addition, ASDs show advantages over other formula-
tion strategies of poorly soluble drugs, such as solubilization
in micelles (Miller et al., 2011), self-emulsifying drug delivery
systems or cyclodextrins (Dahan et al., 2010; Park et al., 2018),
or cosolvents (Miller et al., 2012b). However, an analysis based
on 40 research papers showed that 18% of ASD formulations
decreased or did not increase bioavailability in vivo (animals
and humans) (Newman et al., 2012). Among the marketed
drugs, out of 3732 registered drug products (2019) (Wishart
et al., 2018), only 24 were ASD formulations (2015) (Newman,
2015). These constitute roughly 0.6% of drugs on the market,
indicating that ASDs seem not to be used to their full poten-
tial in today’s drug development.

Reasons for this could be that ASDs are more complex sys-
tems (Park, 2015) compared to standard drug formulations: At
first, the ability of an API to form an ASD with a specific poly-
mer is not guaranteed, as the process of mixing or dissolution,
e.g. in a molten state, of an API in a polymer might not be
favorable from a thermodynamic point of view; therefore,
ASDs, if formed under such conditions, are either unstable or
cannot be manufactured. Second, the production involves
complex processes such as hot-melt extrusion. Once pro-
duced, stability for suitable shelf life is still a vital issue, as
crystallization can occur post-production. These hurdles result
in high development costs without a guarantee of an
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increased bioavailability. To enhance the mechanistic under-
standing of increased bioavailability through ASDs, research
activities are ongoing. However, this process is far from being
entirely understood (Tho et al., 2010; Park, 2015; Fong et al.,
2017). As decisions on the further development or dropout of
drug candidates are made as early as possible in today’s drug
development process (Paul et al., 2010), estimating the poten-
tial of an API to be delivered as ASD becomes crucial to sup-
port the decision to further develop poorly soluble drug
candidates. In this respect, predictive tools and models, and
therefore, mechanistic understanding for ASD formulations,
are essential to reduce the attrition rate of poorly soluble
drug candidates. Famous examples of such predictive possibil-
ities are the biopharmaceutical classification system (Amidon
et al., 1995) or Lipinsk ’i s ‘Rule of Five’ (Fischer & Breitenbach,
2013). Such methods and insights allow for feasibility estima-
tions without or only a limited number of experiments. For
ASDs, such approaches are minimal.

In this review, we provide a summary of reports currently
available that elucidate underlying mechanisms of increased
bioavailability based on theoretical considerations as well as
on experimental data in vitro, in vivo (including humans) and
conceptualize them into a common context. We propose
mechanisms of ASD dissolution, supersaturation stabilization,
drug uptake, and API distribution within the complex dis-
solved system, focusing on polymeric ASDs with or without
additional excipients. Furthermore, we propose a unified
nomenclature to facilitate the interpretation and classification
of research data. We discuss the implications of our observa-
tions on ASD formulation development. We thus aim to con-
tribute to better understanding of mechanisms contributing
to increased oral bioavailability through ASDs and rational-
ized ASD formulation development.

2. Literature research results and their use in
this article

We performed literature research based on standard litera-
ture research engines. We use the results of the individual

articles in a nonsystematic way, aiming to highlight their
most important outcomes and their relations to other
articles. It turned out that the larger part of research papers
on ASDs do not focus on the mechanisms behind increased
bioavailability, but rather look at the development of ASDs
for individual drugs. Also, there seems to be no consent on
specific wordings (e.g. drug-rich particles) as such terms
were used differently by various authors. In this review,
where necessary we therefore introduced the nomenclature
to enable for a clear comparison between different articles.

3. Conceptual prerequisites for bioavailability of
APIs from ASDs

To structure this review, we follow the general mechanism
for drug uptake from conventional formulations as a starting
point and extended it to the ASDs related situation by
reviewing reports investigating mechanisms of drug uptake
from ASDs (Figure 1). Upon contact of ASDs with the aque-
ous medium, spontaneous dissolution into classical solution
(molecularly dissolved API) takes place. For ASDs however,
there are further states of dissolved API known, such as
drug-rich particles, micelles, or suspensions of crystals (not
molecularly dissolved). We refer to the whole multitude of
those states as the colloidal system formed upon the dissol-
ution of ASDs. From the dissolved form of the ASD, an
uptake of an API through the intestinal wall is induced.
Overall, the uptake of API from solid ASDs therefore is a
complex, multi-stage process, which is reviewed in the fol-
lowing sections:

� Dissolution from solid ASDs to dissolved ASDs (Section 5);
� Dissolved ASDs: described states and their stabilization

(Section 6);
� Drug uptake from dissolved ASDs (Section 7);
� Equilibria and API distribution within the dissolved ASDs

during dissolution and uptake (Section 8).

API in ASD

API in solu on

UptakeDissolu on

Membrane

Colloidal API

Dissolved ASD
Figure 1. Basic concept of drug uptake from ASDs. From the solid state of ASDs (drug-rich particles of pure drug (ALPS), drug-rich particles containing polymers,
micelles, and crystals), a complex mixture of API in solution and colloidal API emerges, from which the drug uptake through the intestinal membrane is induced.
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In recent years, the impressive work of Taylor et al.
contributed majorly to today’s understanding of increased
bioavailability of ASDs. For details concerning the physico-
chemical mechanisms of supersaturated solutions and impli-
cations for drug uptake, the reader is referred to the
corresponding review (Taylor & Zhang, 2016). In this work,
discussions are often based on insight gained by her
research group.

4. Physicochemical background: drug solubility,
supersaturation, and solubilization

In current literature, different terminologies are used for solu-
bility, supersaturation, and solubilization of API in solutions.
For this review, we propose to use the terminology shown in
Figure 2, based on the work of Taylor & Zhang (2016).
Solubility (of a dissolved API) generally refers to molecularly
dissolved molecules of an API in an (aqueous) solution.
However, two different states of the solution are possible: (1)
solutions with a maximum concentration of the crystalline
solubility and (2) supersaturated solutions with the maximum
concentration of the amorphous solubility. Crystalline solubil-
ity (or just solubility) is a result of the thermodynamic equi-
librium between an excess of crystalline and dissolved API in
a dissolution medium, whereby strictly seen the crystalline
structure should be the most stable polymorph. Dissolution
from amorphous solids follows the same concept, except
that this equilibrium is metastable, i.e. is not a thermo-
dynamic equilibrium, and it exists between the amorphous
state of the drug and its solution in the absence of any crys-
talline material. If a supersaturated drug solution exceeds the
amorphous solubility, this amorphous phase will form spon-
taneously. This phenomenon is also referred to as liquid–li-
quid phase separation (LLPS) or glass–liquid phase
separation (GLPS), depending on the glass transition tem-
perature of the amorphous phase compared to the experi-
mental temperature (for drug delivery mostly body
temperature). As most authors do not distinguish between
those two cases, we use the term amorphous-liquid phase
separation (ALPS) as a combination of those two phenom-
ena. In literature, the amorphous phase is also referred to as

the drug-rich phase or drug-rich particles. In this review art-
icle, we reserve these terms for particles resulting from ALPS.
This state of ALPS is thermodynamically metastable and crys-
tallization of the drug will occur eventually.

Comparing crystalline solubility and amorphous solubility,
supersaturation (also referred to as true supersaturation in lit-
erature) is the effect of the dissolution of more API than it
would be possible taking the crystalline equilibrium solubility
as a reference. Every concentration between crystalline and
amorphous solubility can therefore be referred to as supersa-
turated. In contrast, solubilization refers to solubilizing API in
solution by the help of additional excipients to form micelles
or complexes (Taylor & Zhang, 2016). Solutions from ASDs
often are mixtures of these states, which makes their analysis
more complicated (Kanzer et al., 2010; Frank et al., 2012;
Ueda et al., 2019). Therefore, terminology found in literature
is the apparent solubility, which we use in this article as the
maximum amount of detectable API in solution. Besides the
molecularly dispersed API, this apparent solubility may
include colloidal states of dissolved ASDs, such as drug-rich
particles or micelles. In the literature, the exact definition of
apparent solubility is often undefined and strongly depends
on measurement methods. Similar problems were observed
with the characterization of colloids evolving upon dissol-
ution of ASDs. Often, it is unclear if drug-carrying colloids
were formed or not, and what their physicochemical proper-
ties are. Where necessary, we interpreted the descriptions
from authors and described the colloids according to the
proposed nomenclature in this review. Despite the frequently
undifferentiated description of solubilities and formed col-
loids, the identification of the underlying physicochemical
properties is essential to advance the mechanistic under-
standing of drug uptake from solid ASDs.

5. Dissolution of ASDs

In the cascade for bioavailability, dissolution, i.e. formation of
the dissolved ASD states is a first critical step. Even though
this step cannot be completely delinked from later stages
toward the uptake of API, in this review, we would like to

API in ALPSCrystalline API

on on

Solubiliza on

API in solu

(Crystalline)
Solubility

Supersatura on

API in solu

Amorphous
Solubility

Micellar API

e.g. surfactants
Figure 2. Classification of physicochemical concepts of solubility, supersaturation, and solubilization. Two equilibria of API in solution can be differentiated: (1) the
equilibrium between crystalline API and API in solution is referred to the crystalline solubility and (2) the equilibrium between API in amorphous liquid phase separ-
ation (ALPS) and API in solution. Compared to equilibrium 1, equilibrium 2 shows a higher concentration of molecularly dissolved drug (referred to as supersatur-
ation). In contrast, solubilization, e.g. by surfactants, does not lead to an increased concentration of molecularly dissolved drug.
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commit a separate chapter to the dissolution of solids ASDs
to dissolved ASDs.

As it is reported in the literature, ASDs can suffer from
scarce or incomplete dissolution. This was shown, for example,
in a study on ASDs of phenytoin and probucol as model
drugs using different polymers (Dalsin et al., 2014). Depending
on the polymer and drug load, the absence of dissolution and
formation of colloidal states was observed. In addition, as also
pointed out by Aleandri et al. (2018), the second dissolution
step, where the API should be released from the colloidal
states into the molecularly dissolved state, should be suffi-
ciently effective in order to enable for absorptive flux across
the intestinal epithelium. Further details on the absorption of
drug from ASD solutions will be provided in Section 7.

5.1. Dissolution mechanisms

Craig (2002) established the concepts of carrier and drug-con-
trolled release in ASD based on considerations of Simonelli
et al. (1969). If the polymer does not dissolve into the dissol-
ution medium, i.e. forms a highly viscous gel layer where the
diffusion of an API molecule is slow as compared to pure solv-
ent, the limiting step of release is the carrier. If the polymer
dissolves into the dissolution medium, i.e. without a gel layer
and drug particles are exposed to the dissolution medium, the
dissolution process is drug controlled. These two rate-control-
ling processes can also co-occur (Vo et al., 2013). Even though
this concept of the drug release assumes that the drug is het-
erogeneously dispersed in the carrier matrix, this approach still
could be considered to be applicable even for homogenous
dispersions. On the one hand, crystallization in the absence of
the polymer could occur, i.e. when the polymer dissolves faster
than the drug. On the other hand, the dissolution of crystalline
drug could also be facilitated by the viscous gel layer
(Pun�cochov�a et al., 2015; Szafraniec et al., 2018).

An alternative dissolution concept was proposed by Sun &
Lee (2015). They compared medium-soluble and medium-
insoluble carriers with indomethacin as a model drug com-
pound. Authors distinguished according to the solubility of
the carrier in the release medium between (1) dissolution-con-
trolled release (for medium-soluble carriers) and (2) diffusion-
controlled release (for medium-insoluble carriers). In the first
case, the carrier is quickly transiting into dissolved or colloidal
states, thus supersaturation can be achieved due to the fast
liberation and subsequent dissolution of the amorphous API.
Thereby, the dissolved polymers inhibit crystallization of the
supersaturated solution, which would recrystallize fast due to
the fast supersaturation rate (also compare to Section 6.2.1)
(Sun & Lee, 2013). In contrast, in the second case, the release
is based on a continuous diffusion of the API from the carrier
matrix into the release medium, which can be interpreted as a
carrier-controlled release process. The driving force of this pro-
cess is the gradient of the drug concentration between the
carrier and the release medium. As a consequence, the API
concentration in the release medium will not exceed the
API concentration in the ASD. In case of a reduction of the
API concentration in the release medium, more drug will dif-
fuse from the drug carrier into the release medium. In other

words, the carrier serves as a depot, regulating the maximum
possible drug concentration in the release medium. This con-
cept is especially important in the light of another research
work (also refer to Section 6.2.1) (Han & Lee, 2017), proposing
that crystallization is not induced when drug concentrations
in the dissolution medium are under a critical concentration.
These reports are in line with a review on polymeric ASDs for-
mulations by Baghel et al., where the dissolution of ASDs is
split into two scenarios: rapid dissolution and subsequent crys-
tallization from the solution of increased apparent solubility or
slow dissolution and crystallization of the API from the ASDs
during dissolution (Baghel et al., 2016).

Sun and Lee do not report the formation of a drug-rich
phase in the dissolution-controlled case. However, at least
for certain formulations, the formation of colloidal states is
possible for this dissolution scenario, as reported by Saboo
et al. (2019): the congruent release of polymer and API (dis-
solution controlled release) was proposed to be essential for
the formation of particles by ALPS, which is in line with the
concept of the dissolution controlled release.

The formation of drug-rich particles from carrier-controlled
release was proven in a study by Indulkar et al. (2017). They
investigated the origin of drug-rich particles by the example
of ASDs of nifedipine with HPMC (hydroxypropyl methylcellu-
lose) or PVP-VA (polyvinylpyrrolidone-vinyl acetate) using iso-
tope scrambling in combination with NMR (nuclear magnetic
resonance) spectroscopy. Authors distinguished two theoret-
ical principles of the formation of drug-rich particles: (1) the
molecular dissolution of the API and subsequent phase sep-
aration if the concentration exceeds the amorphous solubility
(carrier-controlled dissolution) and (2) the dispersion of drug-
rich domains already existing in the solid ASD. For the ASD
investigated, authors experimentally proved the first mechan-
ism to be applicable.

A dissolution concept based on imaging experiments was
proposed by Punc�ochov�a et al. (2015). The authors investi-
gated ASD dissolution mechanisms using ATR-FTIR (attenuated
total reflection Fourier transform infrared) and NMR imaging
on the example of three polymers and aprepitant as a drug
substance. They identified the following release process from
polymer matrix: water ingresses into the tablet, the polymer
begins to swell, the drug diffuses out of the swollen matrix
and polymer starts to erode. They also found that the gel
layer can stabilize the API in the supersaturated state.
Consequently, fast polymer erosion can lead to drug crystal-
lization. The API dissolution, in this case, is controlled by the
diffusion through the gel layer (carrier-controlled dissolution)
and in the early stage of dissolution also by the water ingress
(if no disintegrant was used). This is in line with a study con-
ducted by Dahlberg et al. (2010b). They showed that water
ingress rate has no direct influence on the release kinetics and
drug release correlates with polymer mobilization kinetics.

In summary, there is accumulated evidence in the litera-
ture, that mainly three mechanisms of the dissolution of
ASDs occur (Figure 3):

1. Carrier controlled release. Water ingresses into the poly-
mer and induces the formation of a highly viscous gel
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2.

3.

layer, throug h whic h th e AP I ha s  to diffuse. Thi s usua lly
result s i n  a slow er releas e, wher e th e concentratio n i n t he
dissolutio n mediu m i s controlle d b y th e AP I concentratio n
i n  ASDs an d th e volum e o f th e releas e medium. I f amorph-
ou s solubility i s exceede d, drug-ric h particle s ca n form.
Dissolution controlled release (congruent release). API and
polymer release simultaneously and fast into the dissol-
ution medium, leading to significant supersaturation
effect. Here, the polymer in solution is essential to stabil-
ize the supersaturated state. The supersaturation con-
centration is controlled by the total drug dose and the
volume of the release medium.
Drug controlled release. The polymer dissolves into the
dissolution medium and the remaining amorphous API
dissolves at a drug-controlled rate. For this mechanism,
there is a risk of crystallization of the API already during
the dissolution process. In theory, also here drug-rich
particles could form if the amorphous drug state is sta-
ble enough, but experimental data were not found for
this review.

Besides feasibility considerations for the three different
dissolution approaches for a specific API, it remains up to
the formulation scientist to choose between these options
based on further considerations such as the desired onset of
action of the drug.

5.2. Factors affecting dissolution

Based on the abovementioned mechanistic considerations,
factors that affect ASD dissolution may be deduced. Besides
focusing solely on mechanistic understanding of dissolution
of ASDs, different authors investigated factors that affect the
dissolution of ASDs from solid to a dissolved state. This sec-
tion reviews such factors.

5.2.1. Effects of drug load
It seems well established, that drug load has a direct impact
on dissolution and subsequently on the properties of the

dissolved ASDs. This has been shown, for example, in a study
on ketoprofen by Manna et al. (2007). In more detail, Tres
et al. (2018) showed that higher drug loads can reduce the
release rate and affect the final state of the dissolved ASDs.
In their article, higher drug loads (50%) compared to lower
drug loads (10%) of ritonavir in PVP-VA showed a dissolution
pattern of a drug-controlled release for the hydrophobic
APIs. The resulting drug concentration in the dissolved state
of ASDs was below the amorphous solubility. In another
study, Tres et al. (2014) used real-time Raman imaging to
investigate dissolution mechanisms of ASDs tablets by the
example of felodipine in PVP-VA at two drug loading levels.
At the low drug load level (5%), a congruent release of drug
and polymer was observed, showing no indication of crystal-
lization. At the higher drug load level (50%) however, drug
crystallization was observed after a loss of polymer from the
ASD, resulting in slow dissolution. A heterogeneous crystal-
lization process proposed based on the observation of differ-
ent rates of phase transition at different locations of the
dosage form.

In conclusion, even though higher drug loads are desired
in formulation development for a low pill burden, negative
effects of high drug load have to be accounted for. It can be
hypothesized that higher drug loads prevent dissolution con-
trolled (congruent) release and therefore induce drug-con-
trolled release, failing to achieve the desired effect of
supersaturation.

5.2.2. Effects of the degree of ASD homogeneity
Molecular arrangements within ASDs play an important role
as has been shown by various research works. A study on
the emerging of colloids from probucol in HPMC formulated
together with sodium lauryl sulfate (SLS) showed that a com-
pletely amorphous state of a material is important for an effi-
cient dissolution (Zhao et al., 2019). The presence of
crystalline domains in the ASD changed the behavior of par-
ticles emerging from ASDs. Completely amorphous ASD gen-
erated colloids containing no crystal phase. In contrast,
colloids evolving from ASDs with residual crystallinity or

Figure 3. Three main concepts for dissolution from ASDs. (1) In the case of carrier controlled release, drug molecules have to diffuse through the polymer, possibly
through a highly viscous gel layer on the surface of ASD particles. If dissolved drug concentrations become high enough to exceed the amorphous solubility, ALPS
will occur, inducing the formation of drug-rich particles. (2) In the case of dissolution controlled release, API and polymer dissolve congruently, leading to fast dis-
solution and formation of drug-rich particles. The polymer may stabilize the supersaturated solution. (3) In the case of drug controlled release, the polymer dis-
solves out of the ASD and the residual API controls the dissolution rate. If the residual API is not stable in the amorphous state without polymer, i.e. crystallizes,
supersaturation will not occur.
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amorphous drug domains in the solid state, showed phase
separation within the colloidal particles and subsequent
growth of large crystals (all observations shortly after ASD
dissolution). These findings are in line with a recent study by
Wang et al. (2018) where the quality of the ASD, namely the
degree of homogeneity had a direct impact on dissolution
results. As shown for posaconazole in HPMC-AS (hydroxy-
propyl methylcellulose acetate succinate), a homogenous dis-
tribution of the drug in the polymer matrix led to the
simultaneous release of drug and polymer (dissolution-con-
trolled release). A non-homogeneous distribution led to a
faster release of the polymer than the drug (drug-controlled
release). Also, Baghel et al. (2018) pointed out that intimate
drug–polymer mixing is of great importance to increase the
apparent solubility upon ASD dissolution.

Therefore, an incomplete amorphization and homogeniza-
tion might be a pitfall for efficient dissolution and subse-
quent stabilization of the resulting colloids, setting high
requirements to the production process as well as the ana-
lytics of the solid ASDs.

5.2.3. Effects of wetting properties
Before any dissolution, wetting of the ASD particles is essen-
tial and therefore has a direct impact on the dissolution kin-
etics: a study investigating the effect of wetting kinetics of
ASDs showed that, as expected, faster wetting kinetics corre-
lated with faster dissolution rates (Verma & Rudraraju, 2015).
However, ASDs did not always show the expected behavior
based on their composition. In contrast to physical mixtures
of API and polymer, the wetting behavior of ASDs in some
cases could not be explained by the wetting behavior of the
individual components, as shown by Dahlberg et al. (2010a)
by a set of ASD formulations with HPMC as polymer: the sur-
face was always more hydrophilic than any of the individual
compounds. They propose that the molecular interaction of
API and polymer leads to a rearrangement of the polymer,
orienting hydrophilic groups toward the surface.

5.2.4. Effects of drug–polymer interactions
In the literature, also the impact of drug–polymer interac-
tions on the dissolution performance was investigated. A
study by Chen et al. (2016a) investigated the formulation fac-
tors that control drug and polymer dissolution rates by an
example of ketoconazole ASDs of different polymers. Authors
distinguished the systems’ behavior according to the drug–
polymer interaction, represented by Flory–Huggins inter-
action parameter. For systems with considerable interactions
and homogenous ASD mixing, a congruent drug and poly-
mer release was observed (dissolution-controlled release). In
contrast, slow drug release rates independent of the polymer
release rate (drug-controlled release) were observed for sys-
tems with poor polymer–drug interactions as well as for
ASDs with considerable interactions but inhomogeneous
mixing. These findings stand in contrast to the article by
Kaushal et al. (2004), describing that strong drug–carrier
interactions decrease the release rate. From a conceptual
point of view, latter could be expected for carrier-controlled

release, where strong interactions might prevent efficient
drug diffusion.

Scientifically, it would be interesting to investigate the
relation between drug–polymer interactions and dissolution
properties in more detail, as it elucidates molecular mechan-
ism of drug dissolution of ASDs. In formulation development,
this would be especially interesting because these interac-
tions can also be modeled or calculated, which could allow
for early predictions.

5.2.5. Effect of surfactants
Also, in classical formulations, surfactants have been used
frequently to affect the dissolution performance. Similarly,
when embedded into ASDs, surfactants have been used to
enhance dissolution rates, even though also negative effects
of surfactants have been reported (Ghebremeskel
et al., 2007).

A detailed study of Meng et al. (2019) on celecoxib ASDs
based on PVP and TPGS (tocopheryl polyethylene glycol suc-
cinate) as surfactant showed that surfactants impact the ASD
dissolution behavior in different ways at a threshold of 20%
TPGS in the ASD: improved powder wetting, enhanced for-
mation of nano-aggregates (drug-rich particles), and a solu-
bilization by TPGS micelles. Celecoxib was also found to
improve miscibility between TPGS and PVP. At the highest
level of TPGS contents, colloids were significantly larger,
which, based on the known size of TPGS micelles, should not
to be considered micelles. It could be concluded, that TPGS
promoted a formation of drug-rich particles. By the example
of itraconazole ASDs with HPMC-AS (Solanki et al., 2019), it
was shown that the addition of surfactants (Poloxamer 188,
Poloxamer 407, and TPGS) enhanced dissolution and super-
saturation effects. Furthermore, authors observed the forma-
tion of fine particles (drug-rich particles) in the
dissolution medium.

While surfactants seem to be able to enhance ASD dissol-
ution properties, it is essential to also investigate their effect
on the formation of colloids, which subsequently has a direct
impact on drug uptake (refer to Section 7).

5.2.6. External factors
Dissolution is also influenced by external factors, for
example, dissolution media. Luo et al. (2019) proposed,
based on experiments on a tanshinone IIA in a chitosan sys-
tem, that even for a single polymer, different dissolution
mechanisms can be relevant based on the pH of the dissol-
ution medium. At a low pH, polymer degradation seems to
be relevant, while at a higher pH swelling was observed.
Furthermore, especially in the presence of surfactants, ionic
strength also has a direct impact on dissolution performance
(Fong et al., 2016).

As summarized by Fotaki et al. (2014), the use of appro-
priate media in dissolution tests is of high importance during
ASD development. Especially, it concerns application of bio-
relevant media (SGF, FaSSIF, and FeSSIF), as it has a crucial
impact on ASDs’ dissolution behavior, i.e. dissolution rate,
supersaturation degree, and crystallization. Investigation of
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dissolution behavior in biorelevant media is indispensable for
prediction of in vivo results. While more investigations on
the effect of dissolution media and their relevance in ASD
development are necessary, the combination of experiments
in different media might be the most promising approach to
discriminate between different ASD formulations as well as
to provide insights into ASD behavior under physio-
logical conditions.

6. Dissolved ASDs: a complex mixture

Dissolved forms of ASDs may exist in many forms and mor-
phologies as will be shown in this section. The behavior of
the different forms is regulated by different physicochemical
mechanisms. In literature, the dissolved form of ASDs is often
insufficiently characterized, e.g. it is often not indicated if col-
loidal states form and if yes, what kind. It therefore can be
assumed that the formation of colloidal states is underre-
ported in literature.

Often, a complex mixture of colloidal states emerges
upon dissolution. An example of the complexity of the dis-
solved forms of ASDs was investigated by Frank et al. (2012).
Using AFlFFF (asymmetrical flow field-flow fractioning), they
investigated the composition of different colloidal states
evolving from ASDs of ABT-102 (a low soluble small molecule
compound), PVP-VA, and surfactants. Authors described dif-
ferent fractions, namely polymeric, micellar, and microparti-
culate ones. The microparticles were found to consist mainly
of amorphous API with surfactants, the latter being attrib-
uted to a stabilizing effect on the amorphous particles. Even
though the drug was mostly found to be incorporated in the
colloids, the molecularly dissolved drug concentration was
also found to be increased compared to the crystalline solu-
bility, most likely due to ALPS. Similar observations were
made by Kanzer et al. (2010), who identified comparable spe-
cies (namely colloidal polymer, drug rich nanoparticles, and
nanoparticulate assemblies of sorbitan monolaurate, and
hydrophilic fumed silica) by the examples of lopinavir and
ritonavir. A direct influence of the ASD composition on the
type of colloidal states was also described in the literature
(differentiated by amorphous droplets, amorphous particles,
and gel-like particles) (Ueda et al., 2019). Figure 4 summa-
rizes states of dissolved ASDs and their interactions.

6.1. States of dissolved ASDs

6.1.1. Dissolved API
As pointed out in Section 4, molecularly dissolved API can
either exist in a thermodynamically stable equilibrium with
crystalline API or in a supersaturated state in a metastable
equilibrium with amorphous API. The stable state is limited
by the API solubility, which is poor by default for BCS (bio-
pharmaceutics classification system) class II and IV drugs. If
the API is present in amorphous form, supersaturation in a
molecularly dissolved state can be established. This state of
supersaturation is only stable until the first crystalline phase
is formed (Taylor & Zhang, 2016).

Figure 4. Classifications of states within dissolved ASDs. Dissolved API is in
equilibrium with crystalline API or API in ALPS. The supersaturated state and, if
the amorphous solubility is exceeded, ALPS are in a metastable state, where
crystallization can occur (cryst.). Crystallization will lead to a reduction in con-
centration of the dissolved state down to crystalline solubility. Furthermore,
there is an equilibrium between solubilized API and both dissolved states of
dissolved API, i.e. the supersaturated and the not supersaturated state.

6.1.2. Solubilized API
Colloidal systems dissolving from ASDs can form based on
contributions from the ASD polymers, additional excipients
such as surfactants, APIs themselves, or combinations
thereof. The formation of micelles from surfactants is
described elsewhere (Maibaum et al., 2004; Cui et al., 2008;
Xu et al., 2013b) and therefore not discussed further in this
review article. One particular case is Soluplus (polyvinyl cap-
rolactam–polyvinyl acetate–polyethylene glycol graft copoly-
mer), which is not only a suitable base polymer for ASD
formulation by hot-melt extrusion but also a polymer that
forms micelles upon dissolution, as was shown by Zi et al.
(2019). Another study (Rani et al., 2019) showed that poly-
meric micelles evolving from a ASD composed of curcumin
and Soluplus form hydrophobic cores within the polymeric
micelles. These cores showed higher rigidity than the outer
layers based on fluorescence anisotropy and micropolarity
measurements. This core rigidity phenomenon is explained
by the formation of multiple h-bond between curcumin and
Soluplus, as shown by infrared spectroscopy. This work
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indicates that besides the pure physicochemical aspects of
micelle formation, specific excipient–API interactions have a
significant effect on the formulation behavior.

6.1.3. API in amorphous-liquid phase separation
In literature, different examples of GLPS (Mosquera-Giraldo &
Taylor, 2015; Mosquera-Giraldo et al., 2018b), and LLPS
(Ilevbare & Taylor, 2013; Indulkar et al., 2016; Saboo et al.,
2019) (together referred to as ALPS in this review) evolving
during ASD dissolution were reported. As already pointed
out in Section 4, from a physicochemical point of view, ALPS
only occurs if supersaturated drug concentration exceeds the
amorphous solubility (Taylor & Zhang, 2016; Baghel et al.,
2018; Stewart et al., 2019). However, beyond the formation
of ALPS based on phase separation from pure API-solvent
mixtures, polymers play an important role in the formation
of ALPS-particles. For example, systems of nifedipine and
HPMC derivatives (HPMC acetates and succinates), showed in
NMR experiments that the more hydrophobic the polymer
(depending on polymer derivative and pH), the higher is the
distribution of the polymer into the ALPS-particles. In these
particles, polymers were able to inhibit crystallization (Ueda
et al., 2017). Similar results were demonstrated in a study of
a posaconazole–HPMC–AS system (Chen et al., 2016b).

6.1.4. Crystalline APIs
Even though drug delivery by ASDs aims to deliver API in an
amorphous form, the possibility of remaining crystallinity
should not be overlooked. A study (Szafraniec et al., 2018)
on bicalutamide using Poloxamer 407 and PEG (polyethylene
glycol) 6000 showed an enhanced in vitro performance des-
pite detectable crystalline API in the formulation. A size
reduction of the crystalline particles in the polymer matrix,
without or with an incomplete ASD formation, seemed not
to have an influence on the ASDs performance as well as on
the formation of Poloxamer particles. Authors concluded that
an enhanced wetting and the solubilization of the API
enclosed into nanoaggregates of Poloxamer 407 were the
basis for enhanced dissolution properties. This study shows
that amorphization could not be the only mechanism toward
increased bioavailability through ASDs, but that also locally
increased solubility of the crystalline API could be beneficial.

6.2. Stabilization of dissolved ASDs

While the existence of supersaturation and colloidal states is
possible to study experimentally, mechanisms involved to
stabilize these metastable systems are more complex to
investigate. From a drug delivery perspective, this metasta-
ble, supersaturated state is the key for enhanced bioavailabil-
ity. Therefore, the state of supersaturation should be stable
for a period long enough for the API to be absorbed (Baghel
et al., 2016). While a phase separation from the metastable
system is frequently observed, the nature of those precipi-
tates (e.g. their solid-state or composition) is often not inves-
tigated in detail (Khan et al., 2016).

6.2.1. API-dependent supersaturation stability
Drug crystallization from supersaturated solutions and corre-
sponding kinetics are governed by complex mechanisms. It
can be assumed that the stability of the supersaturation of
the pure drug in solution is important also in the presence
of polymers, which can stabilize the system additionally. It
was proposed by Baghel et al. that mechanisms of crystalliza-
tion inhibition with and without excipients interlink at the
step from the supersaturation generation phase to the super-
saturation stabilization phase (Baghel et al., 2018).

A study by Raina et al. (2015a) investigated the effects of
polymers on crystallization from supersaturated solutions by
using wide-angle X-ray scattering synchrotron radiation. It
was shown that the crystallization times of the pure drug
solutions of six dihydropyridine calcium channel blockers
were very heterogenous, allowing for classification into slow
or fast crystallizers. This is in line with a study analyzing the
crystallization behavior from a dissolved amorphous form of
approximately 51 different drugs showing that the time to
crystallization varies significantly between different drugs,
ranging from immediate and complete crystallization to
absence of any observable crystallization (Van Eerdenbrugh
et al., 2014). Authors mention that previous studies showed
that lower molecular weight and less complex structures and
fewer rotatable bonds in a chemical structure of the drug
substance are indicators for rapid crystallizers (Baird et al.,
2010; Van Eerdenbrugh et al., 2010). This is in line with a
report showing that a higher molecular weight, together
with a low level of symmetry and small electronegative
atoms (are indicators that such drug molecules can form
glasses, Mahlin et al., 2011).

A study by Sun & Lee (2013) showed that the crystalliza-
tion rate is strongly dependent on the supersaturation rate
in pure drug solutions. The faster the supersaturation, the
faster the subsequent crystallization. Authors also provide a
mechanistic model based on crystal nucleation and growth,
allowing for prediction of the optimal supersaturation rate
for a maximized area under the dissolution curve. They also
showed that the crystallization rate has a direct influence on
which drug polymorph will be formed during crystallization.

A study proposing the concept of optimal AUCs was pub-
lished by Han & Lee (2017). Authors describe that the super-
saturation effect is less useful at maximal supersaturation
(due to fast recrystallization), but beneficial if the concentra-
tions are kept below the critical supersaturation concentra-
tion Sc. They showed that below this concentration, no
detectable crystallization occurred during the time of obser-
vation and therefore supersaturation was maintained and
experimentally proved the existence of Sc. Results were in
good agreement with a mechanistic model based on the
classical nucleation theory. In solutions with polymers, they
observed similar trends, however, Sc was higher due to crys-
tallization inhibition by the polymer (indicating additive
effects of polymers). As the dose is directly related to the
maximum concentration and the dissolution rate in constant
volume, they propose that there exists an optimal dose that
will maximize the area under the curve (AUC) for the dissol-
ution profile.
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In summary, based on considerations for pure drug solu-
tions, the stability of the supersaturated state is highly
dependent on the drug itself. More complex drug molecules
seem more likely to be stable in the supersaturated state. A
fast supersaturation can also trigger fast crystallization, which
is why a controlled supersaturation rate might be desirable.
Where reasonable, concentrations below the critical supersat-
uration concentrations should be chosen for max-
imum stability.

6.2.2. Supersaturation stabilization by polymers
In this section, we review mechanistic insights of crystalliza-
tion inhibition of supersaturated solutions by polymers. Their
effect varies significantly, as shown in a study by Curatolo
et al. with 41 potential precipitation inhibitors (including pol-
ymers and other substances) to stabilize nine different APIs
in a supersaturated state (Curatolo et al., 2009). Some under-
lying principles of supersaturation stabilization by polymers
have already been investigated independently of ASDs,
which reasoned earlier reviews on this topic by Warren et al.
(2010) as well as Xu & Dai (2013a), where the effect of pre-
cipitation inhibition based on physicochemical interactions is
described. In brief, authors identified multiple mechanisms
leading to crystallization inhibition by polymers:

� Changes in solution properties (increasing solubility
and viscosity);

� Changes in the adsorption layer in the crystal (decreasing
the diffusion through the layer);

� Changes of the crystal surface (polymer adsorption on
crystal and steric hindrance of crystal growth, smoothing
of imperfections and therefore eliminating growth spots,
altering the surface energy);

� Molecular interactions (hydrogen bonding, hydrophobic
interactions with the best stabilization effect at an inter-
mediate polymer hydrophobicity, higher polymer rigidity
and molecular weight).

In this article, we would like to complement these reviews
by several recent contributions to the field, with respect to
delivery through ASDs.

Several experimental studies highlighted the role of
molecular interactions to inhibit crystallization. In a work by
Kojima et al. (2012), ASDs from mefenamic acid in Eudragit
EPO (butyl methacrylate-co-(2-demethylaminoethyl) meth-
acrylate-co-methyl methacrylate) showed that upon dissol-
ution, a significant increase in solubility was achieved along
with solution stabilization. Different molecular interaction
between drug and polymer (ionic, hydrogen bonds, or
hydrophobic), especially between the carboxyl group in
mefenamic acid and the aminoalkyl groups in Eudragit EPO,
were observed. Authors conclude that supersaturation is
most likely facilitated by these interactions. Furthermore, the
authors reported enhanced dissolution profiles for Eudragit
EPO with the NSAIDs (non-steroidal anti-inflammatory drugs)
indomethacin and piroxicam. There are also indications that
a nonspecific binding can result in a crystallization inhibition

effect (Baghel et al., 2018): an NMR study on nimodipine
with PVP (polyvinylpyrrolidone) as a polymer in solution
showed nonspecific hydrophobic interactions between the
hydrophobic moieties of the polymer and the drug (Pui
et al., 2018). A study investigating the higher degree of crys-
tallization inhibition by PAA (polyacrylic acid) compared to
PVP concluded that this effect is attributed to strong specific
interactions between drug and polymer as observed with
NMR measurements. In a study on supersaturation stabiliza-
tion of hydrocortisone acetate by HPMC authors (Raghavan
et al., 2001) hypothesize that the adsorption of polymer on
the crystals facilitated by hydrogen bonding is the mecha-
nisms behind crystallization inhibition.

Several research groups have investigated the effects of
structural properties of polymers on crystallization inhibition.
Mosquera-Giraldo et al. (2018a) looked at nine drugs (ritona-
vir, nifedipine, celecoxib, atazanavir, nevirapine, ezetimibe,
telaprevir, griseofulvin, and danazol) in the presence of five
different synthesized cellulose derivatives (shorter, longer,
branched, or unbranched side chains with carboxylic acid or
alcohol termination) with respect to the crystallization inhib-
ition capacities. Most effective in the prevention of drug crys-
tallization were polymers with a short side chain and one
carboxylic terminal group, while polymers with a longer side
chain and two carboxylic terminal groups were less effective.
Molecular dynamics simulations with one polymer chain in
the presence of drug and water molecules showed that for
more effective polymers, there was a higher probability of
interactions between drug and polymers as well as more
negative values for estimated free energies of interaction.
The study shows that molecular dynamics simulations are a
useful tool for the prediction of crystallization inhibition. The
analysis of effects of polymers on crystallization in a study of
Khan et al. (2016) revealed that polymers with intermediate
hydrophilicity/hydrophobicity were most effective in delaying
crystallization while strongly hydrophilic or strictly hydropho-
bic polymers did not show such an effect. Based on NMR
spectroscopy results, authors conclude that the interaction of
polymers with the hydrophobic drug-rich phase and the
aqueous phase is a prerequisite for stabilization of supersat-
uration by polymers. These results are supported by a study
correlating the potential to inhibit the crystallization of
ritonavir of 34 polymers based on their physical and chem-
ical properties (Ilevbare et al., 2012b). Authors showed that
polymers with a moderate level of hydrophobicity, semi-
rigidity, and a high amphiphilicity (many ionizable groups)
inhibited crystal growth most successfully. This effect was
most expressed by novel cellulose derivatives. Authors attrib-
uted these properties to be important for polymer absorb-
ance on ritonavir crystals. This was also reported in the
already mentioned study of Curatolo et al. (41 precipitation
inhibitors tested on nine drugs), where HPMC-AS exhibited
best in vitro stabilization performance (Mahlin et al., 2011).

ASDs can also be formulated as a combination of exci-
pients (additional of surfactants alone are discussed in the
next section). A study analyzing the effect of polymers, sur-
factants, and their combinations on crystallization inhibition
reports mostly synergistic effects of polymer–polymer
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combinations (Ilevbare et al., 2012a), especially for the com-
bination of two moderately hydrophobic polymers or a mod-
erately hydrophobic polymer with a more hydrophilic
polymer. These effects were attributed to polymer–polymer
hydrophobic interactions, enhancing interaction with crystal-
lizing solutes and growing crystals. In contrast to polymers,
the addition of surfactants mainly negated the positive
effects of the polymers, which was attributed to the hin-
drance of interactions of polymer and API by the surfactants.

Looking at the kinetics of crystallization, a study on the
crystallization of felodipine in the presence of HPMCP
(hydroxypropyl methylcellulose phthalate) showed that
delaying nucleation has a stronger kinetic effect compared
to the reduction of the crystal growth rate. Authors therefore
conclude that the absence of residual crystallization centers
in the ASDs is of crucial importance (Alonzo et al., 2012).

From a drug delivery perspective, not only the complete
prevention of crystallization can be beneficial. A study by the
example of nifedipine (Raina et al., 2014) showed that that
polymers in solution might not be able to prevent crystalliza-
tion but have an influence on the polymorph formation (as
discussed for pure API solutions, Sun & Lee, 2013). If this
polymorph has an increased solubility, bioavailability could
be increased.

In summary, various studies have shown that crystalliza-
tion inhibition by polymers is possible. Underlying mecha-
nisms were often traced back to molecular interactions
(ionic, hydrogen bonding, and hydrophobic) of the polymer
with the drug in solution or the drug-rich phase. Favorable
physicochemical properties of polymers were reported to be
intermediate hydrophobicity as well as high amphiphilicity
with sufficient ionizable groups. Furthermore, hydrogen
bond donors and acceptors and sufficient molecular weight
are favorable. Different polymers can also have an additive
effect on crystallization inhibition. It seems evident that dur-
ing polymer selection as well as for their fraction in the for-
mulation (Verma & Rudraraju, 2015), scientists should not
only bear in mind requirements to the solid state of the ASD
(the formation and stability), but also for supersaturation sta-
bilization (Baghel et al., 2018). Based on the advantage of
molecular interactions for the stability of both, the solid and
dissolved state, a possible correlation of amorphous stabiliza-
tion in solid and dissolved state was also proposed in the lit-
erature (Chauhan et al., 2013).

6.2.3. Effects of surfactants on crystallization inhibition
Surfactants are frequent additions to polymeric ASDs.
Different authors reported positive as well as negative effects
of surfactants with respect to crystallization inhibition. An
example is a report by Mosquera-Giraldo et al., where surfac-
tants (SLS, sucrose palmitate, and TPGS) increase the crystal-
lization rate of supersaturated celecoxib. While the presence
of the PVP could again decrease crystallization rates, the
effect of the surfactants was still observable (Mosquera-
Giraldo et al., 2014). In another study, inhibition of crystalliza-
tion in drug-rich particles by surfactants was reported (Frank
et al., 2012). Similar observations were reported by Chen
et al. for sodium taurocholate, which was significantly

prolonging times to nucleation for 11 diverse drug substan-
ces. Therefore, also endogenous substances, such as bile
salts, might stabilize drug molecules in their amorphous solid
form (Chen et al., 2015a). These controversial findings are in
line with a report (Chen et al., 2015b) by the example of cel-
ecoxib ASDs of HPMC-AS on the impact of surfactant on the
nucleation times in aqueous suspensions. Authors showed
that some surfactants like SLS and polysorbate 80 promote
crystallization, whereas other substances such as sodium
taurocholate or Triton X100 inhibit crystallization. In addition,
authors found a destabilizing effect through the increase in
the dissolution rate of the drug.

Also, investigations of underlying mechanisms for the
effects of surfactants were published. It was reported by
the example of a posaconazole HPMC-AS ASD that SLS in
the solution destabilized the drug-rich phase (based on
ALPS) and led to an early crystallization. The polymer alone
had a stabilizing action on the drug-rich phase compared to
the drug alone. Authors showed that SLS competitively inter-
acts with HPMC-AS, therefore reducing its stabilization action
for posaconazole. The negative effect of SLS was confirmed
in a cross-over PK (pharmacokinetic) study in dogs, where
the formulation with SLS only showed 30% of the bioavail-
ability compared to the formulation without SLS (Ueda et al.,
2017). A study on nimodipine with PVP as polymer in solu-
tion by NMR spectroscopy showed nonspecific hydrophobic
interactions between the hydrophobic moieties of the poly-
mer and of the drug (Kojima et al., 2012). The addition of
SLS showed induction of crystallization at a lower concentra-
tion, while higher concentrations were slightly increasing the
supersaturation, however, only in combination with PVP. In
contrast, low concentrations of sodium taurocholate
increased the supersaturation, while the higher concentra-
tions slightly induced crystallization. Authors suggest a com-
petitive binding of a surfactant to the polymer as well as a
capacity of surfactants to interact with drug molecules.

As it was also pointed out by Chaudhari & Dugar (2017),
besides of effects of surfactants below their critical micelle
concentration (CMC), surfactants can also inhibit API precipi-
tation above their CMC, i.e. through API partitioning into
micelles. This partitioning can reduce the fraction of molecu-
larly dissolved API, known as a true supersaturation, and
therefore thermodynamically stabilize the drug solution
(Feng et al., 2018). Furthermore, a more detailed systematic
study on the effects of surfactants on API stabilization below
and above of the CMC was conducted by Zhang et al.
(2019). The authors observed varied effects from surfactants
on de-supersaturation, both promoting or reducing at surfac-
tant concentrations below or above CMC, respectively. They
conclude that these effects seem to be API specific and that
currently a screening approach is the only way for formula-
tion development. In the context of this review article, stabi-
lizing systems with surfactant concentrations above CMC are
not classified as molecularly dissolved API, i.e. formation of a
true supersaturation phase. The formation of micelles influ-
ences drug uptake, as discussed in Sections 7 and 8.

Even if the complete mechanisms of these complex inter-
actions are not known yet, it seems evident that a side from
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positive effects, surfactants can also have negative effects on
the stability of supersaturated drug solutions. More research
to elucidate more detailed mechanisms of how surfactants
affect the stability of supersaturated API-solutions will be
necessary to finally estimate if the addition of a certain sur-
factant will be beneficial or not.

7. Uptake from dissolved ASDs

7.1. Mechanisms of uptake from dissolved ASDs

A fundamental question of uptake from dissolved ASDs is to
identify if molecularly dispersed API is the only fraction that
is taken up or if entire particles can be absorbed, e.g. by M-
cells. A review (Buckley et al., 2013) looking at the uptake
from enabling formulations for poorly soluble drugs con-
cluded that based on experimental results from available
studies, only supersaturated (i.e. molecularly dissolved) API
can increase the transmembrane flux. In contrast, solubilized
API (e.g. in micelles from endogenous bile salts or surfactants
contained in the formulation) might limit the transport. This
is corroborated by a study on biomimetic micelles, where
authors conclude that even the uptake of particles mimick-
ing endogenous structures is unlikely (Ma et al., 2017).
Furthermore, active uptake mechanisms were not observed
for ASDs: using single-pass intestinal backflow (in rats),
Cheng et al. (2010) investigated the uptake of bifendate
delivered in form of an ASD. There were no indications
found that the transport mechanisms were active. Passive
diffusion was also observed in a study on a-asarone, which
showed an enhanced in vivo bioavailability through ASD for-
mulation (Deng et al., 2017). Therefore, in this section, we
assume that only molecularly dissolved API is absorbed sig-
nificantly by the intestinal epithelium and that this uptake is
generally passive (except for API-specific active transport).
Alternative routes of uptake are discussed in the
next section.

Different studies aimed to elucidate the correlation with
the degree of (apparent) supersaturation and transmembrane
flux. Shi et al. (2015) showed that the increase of the drug’s
apparent solubility by micellization had little effects on the
concentration of molecularly dissolved drug in the release
medium or the permeation rate of berberine from an ASD
with hydrogenated phosphatidylcholine. It was shown that
only the higher concentration of molecularly dissolved drug
(true supersaturation) was relevant for an increase in perme-
ation rate. Furthermore, the presence of drug-rich particles in
aqueous dispersions induced supersaturation stability and
enhanced the permeation. These results are in line with a
report of Fong et al. (2016), reporting the absence of any
correlation of enhanced apparent solubility of celecoxib in a
solid phospholipid dispersion and permeability. A further
study by this research group (Jacobsen et al., 2019) con-
cluded that only elevated concentrations of molecularly dis-
persed API could increase the permeability. Comparable
results were reported by Ueda et al. (2014), where authors
measured the impact of crystallization inhibition by bile acids
and lipid micelles solutions on permeation of

dexamethasone. Authors showed that the partitioning of API
into the micellar phase decreased permeation.

ASDs are not the only known supersaturating (solubiliz-
ing) drug delivery systems. Different studies report the
effects of different formulation strategies on drug uptake. A
study by Miller et al. investigated the effect of increased
apparent solubility of progesterone by micelle formation
(Miller et al., 2011) (as well as cyclodextrins (Dahan et al.,
2010) and cosolvents (Miller et al., 2012b)) on permeability.
The model used in this study considered diffusion through
an unstirred water layer as well as the membrane transport,
resulting in combined permeability. For the case of micelles,
the transfer through the unstirred layer increased with
increasing surfactant concentration, especially for concentra-
tions greater than CMC. In contrast, the permeability across
the membrane decreased with increasing surfactant concen-
tration, also mainly for concentrations exceeding the CMC,
due to a reduced fraction of molecularly dissolved drug.
Authors validated this model for progesterone in a rat jejunal
perfusion model. The model suggests a tradeoff between
increased apparent drug solubility and decreased permeabil-
ity for optimal drug exposure. These findings are in line with
a report by Stewart et al. showing that drug-rich particles
and micelles increased the diffusion through the unstirred
layer. They identified a direct relationship between the diffu-
sion coefficient of the particles and their percentage of drug
load and permeation. The contribution of drug-rich particles
to the number of diffusing particles was strongest when
unbound and micelle-bound drug concentrations were kept
low, indicating a high fraction of the API residing in the
drug-rich particles (Stewart et al., 2017). A special case
among micelles is reported for Soluplus micelles, produced
by dissolving hot-melt extrudate from Soluplus and poorly
soluble compound cyclosporine A. Here, solubilization in
micelles increased permeation flux and in vivo bioavailability,
however, formulations with strongest supersaturation effects
did not perform best (Yu et al., 2013).

Compared to other supersaturating (solubilizing) drug
delivery systems, ASDs show advantages with respect to bio-
availability. In a further study by Miller et al. (2012a), authors
investigated the effect of particles emerging from ASDs (pro-
gesterone in HPMC-AS) by applying an adapted model and
equivalent validation in the rat jejunal perfusion model as
mentioned above. In contrast to solubilizing strategies, par-
ticles formed from ASDs did not reduce permeation through
intestinal wall, which is a crucial advantage of ASDs over
solubilizing formulations. Authors showed that there is a
constant PAMPA (parallel artificial membrane permeability
assay) and jejunal permeability for all measured apparent
solubility values of the tested formulation, indicating the
absence of hindrance in permeability through the ASD for-
mulation. Accordingly, the transmembrane flux is directly
proportional to drug concentration in the donor compart-
ment. Authors do not indicate the formation of drug-rich
particles nor ALPS in their publication. Based on the linear
increase in flux, we assume that the applied concentration
range was below the ALPS concentration since above the
ALPS concentration the further increase in flux would not be
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expected (Raina et al., 2015b). This is supported by a study
of Frank et al. (2014): on the example of ABT-102 in a hydro-
phobic polymer and three surfactants, they investigated
mechanisms of increased permeability through micelles and
particles emerging from ASDs. They found that the increased
permeation was independent of the ASD concentration. At
higher ASD concentrations, where mixed micelles were
observed, permeation enhancement was not measured. In
addition, when micro-particles were removed, permeability
was comparable to the crystalline drug. It can be hypothe-
sized, that by removing the drug-rich particles, the molecu-
larly dispersed concentration dropped to the level of the
crystalline solubility, as the increased chemical potential of
the amorphous form was missing to maintain the amorphous
solubility. In addition to progesterone, a similar study was
also carried out with rifaximin, a P-gp substrate, and different
polymers (Beig et al., 2017). The authors found that with
increasing apparent solubility, the absorption rate constant
in vivo only increased only after passing a certain solubility
threshold. They showed that this threshold is due to P-gp
efflux saturation by inhibiting P-gp in the single-pass intes-
tinal perfusion rat model.

A study by Ueda et al. compared the permeation of carba-
mazepine as ASDs, using HPMC-AS or Poloxamer 407 as the
polymer component, based on dialysis membranes and
Caco-2 monolayer experiments. Poloxamer 407 had a stron-
ger solubilization effect on carbamazepine than HPMC AS.
However, while HPMC-AS increased drug permeation,
Poloxamer 407 decreased permeation. Authors postulated
that HPMC-AS acts mainly as a crystallization inhibitor reduc-
ing the molecular mobility and that carbamazepine is self-
associated in the HPMC-AS solution. In contrast to HPMC-AS,
Poloxamer 407 formed micelles, encapsulating carbamaze-
pine (Ueda et al., 2012). This underlines that these mecha-
nisms of crystallization inhibition by polymers are
advantageous compared to solubilization in micelles from
the perspective of drug absorption. In addition, small drug-
rich particles (<100 nm) could have an additional positive
effect on bioavailability, mainly due to enhanced diffusion
through unstirred layers (Kesisoglou et al., 2019).

In summary, drug absorption from dissolved ASD seems
to be predominantly driven by a passive diffusion, which can
be elevated by an increase in the concentration of molecu-
larly dissolved API (e.g. by supersaturation), the limiting fac-
tor being the amorphous drug solubility. In contrast to other
supersaturating (solubilizing) delivery systems, ASDs, with
their ability to form drug-rich particles, show distinct advan-
tages in mechanisms of increased bioavailability, mainly by
elevating the mass transport through unstirred layers with-
out negatively affecting the absorption.

7.2. Factors affecting drug uptake

Besides physicochemical considerations and the assumption
of passive diffusion of API across the intestinal membrane,
the physiology plays a significant role in drug uptake from
ASDs. These factors add a greater level of complexity to the
absorption mechanisms and are largely uninvestigated.

A study performed on curcumin as a model drug and
rebaudioside A as carrier showed that ultra-small micelles
(approximately 4 nm) are formed after dissolution of the solid
system (Hou et al., 2019). Authors found indications for trans-
cytosis of these particles in the everted intestinal ring model.
Besides to energy-independent transport, authors also
observed active transport. Furthermore, the particles have
changed the intestinal areas of uptake to more proximal
regions compared to the free drug. If latter was an effect of
increased solubility and dissolution rate of the API or if it
was related to their encapsulation into particles, remains an
open question. A further increase in absorption can be trig-
gered by the excipients themselves: a study analyzing ASDs
with Soluplus as a polymer and lopinavir as a drug substance
showed increased permeability in vitro and in vivo due to P-
glycoprotein (P-gp) inhibition (Maibaum et al., 2004).
Similarly, a study on ticagrelor ASD from TPGS and Neusilin RV,
a non-polymeric compound, reported an increased perme-
ability through Caco-2 monolayers based on passive diffusion
in addition to P-pg inhibition by TPGS. Also, increased bio-
availability in rats was observed for this formulation (Kim
et al., 2019). In a study by Huang et al. (2019), ASDs of curcu-
min prepared with chitosan oligosaccharides showed an
increased permeability in a Caco-2 cell in vitro model and an
increased bioavailability in rats. Authors attributed this effect
mainly to an opening of the tight junctions in cell mem-
branes by chitosan oligosaccharides. Furthermore, Girdhar
et al. propose that for increased bioavailability, mucoadhe-
sion is an essential factor to account for based on everted
gut sac model experiments using dipyridamole.
Mucoadhesive particles could locally increase the supersatur-
ation close to the membrane and therefore increase the
transmembrane flux (Girdhar et al., 2018).

Endogenous bile salts, as being surface-active substances,
are expected to have an impact on ASD behavior. A study
by Stewart et al. on itraconazole in HPMC-AS showed that
with increasing bile-salt concentrations, the effect of drug-
rich particles on improved permeation through the unstirred
layer was diminished (Shi et al., 2015). At the same time, as
discussed earlier (Section 6.2.3), bile salts can also have a sta-
bilizing effect in supersaturated solutions.

Also, system approaches to elucidate mechanisms of
increased bioavailability were published. Polster et al.
observed a crystallization into another polymorph during the
drug absorption process. Authors tested a formulation of
LY2300599 in humans, showing an enhanced performance of
the ASD formulation compared to a conventional formula-
tion. In an artificial stomach duodenum model, authors char-
acterized three steps leading to increased bioavailability: (1)
rapid supersaturation in the stomach; (2) precipitation in the
stomach into an amorphous solid; and (3) redissolution of
the amorphous solid in the duodenum with supersaturated
concentration levels. A special role was assigned to the
excipient meglumine, as it was shown to facilitate drug dis-
solution by forming high pH regions which allow a poorly
soluble weak acid to dissolve (Polster et al., 2015).

In conclusion, ASDs can also have physiological effects,
such as inhibiting P-gp or affecting the tight junctions.
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Endogenous substances, such as bile salts, can have a direct
impact on ASD performance. In addition, complex mecha-
nisms from drug dissolution to drug uptake (e.g. temporary
recrystallization) can occur, which makes rational develop-
ment of ASDs a challenging task. Therefore, further research
on these topics is necessary.

8. Equilibria and API distribution in dissolved ASDs

For a complete mechanistic elucidation, it is important to
understand also the equilibria of API distribution between
the different states of dissolved ASDs, especially in the light
of dynamic mechanisms of bioavailability, namely dissolution
and absorption. As can be seen in Figure 5, we conceptual-
ized three equilibria between (1) crystalline and molecularly
dissolved API; (2) API in the ALPS phase and molecularly dis-
solved API (supersaturated); and (3) the solubilized API with
the molecularly dissolved API. Drug absorption is propor-
tional to the concentration of the drug in the molecularly
dissolved state. The first equilibrium is well described and
will therefore not be discussed here. The other equilibria,
especially related to ASDs, will be discussed in this section.

Different research papers report the existence of equilibria
between different dissolved states. Based on permeability
results, Riana et al. showed a reduction of drug flux through
membranes by surfactants, due to a dropped concentration
of molecularly dissolved drug. They concluded that this
effect can be compensated by increasing drug concentration
in the system high enough that the molecularly dissolved
API reaches the maximum ALPS concentration (saturation
concentration of the solubilized state) (Stewart et al., 2017).
A comparable idea of the equilibria between these states has
been proposed by Fong et al. for solid phospholipid disper-
sions (Fong et al., 2016). This work supports the concept that
there exist different states, i.e. the compartments solubilized

API, molecularly dissolved API and API in ALPS, that have
specific equilibrium coefficients and that the first two states
can be saturated. From a drug delivery point of view, solubil-
ization should not be a goal for formulation development, as
solubilization could drain API from the molecularly dissolved
state. This compartmental concept is also in line with the
proposal that drug-rich particles from ASDs could represent
a reservoir, from which API can be transferred rapidly into
solution for subsequent absorption (Ilevbare & Taylor, 2013;
Indulkar et al., 2017). Besides these three states, the polymers
are assumed to not form an own state (except for micelle
forming polymers). This is supported by a study from Deng
et al. (2017) on dexamethasone crystallization inhibition by
bile salts or lipid micelles solutions and its resulting effects
on permeation. Authors revealed that the partitioning of the
API into the micellar phase decreases permeation. This drug
distribution was independent of the presence of the polymer
(HPMC-AS). Authors concluded that drug solubilization in
micelles and its crystallization inhibition by polymers can
occur independently.

The equilibria are also dependent on other substances in
the medium. A study by Ilevbare et al. (2013) investigated
the impact of additives on the formation of drug-rich par-
ticles. Authors showed that additives (polymers and surfac-
tants) influenced size, stability, and crystallization of the
drug-rich particles. Charged additives inhibited droplet
coalescence while their effect on crystallization was inconsist-
ent, either showing promoting or inhibiting action. A study
on paclitaxel in HPMC-AS showed that ALPS occurred at a
lower concentration in the presence of polymer, indicating
that the polymer was incorporated into the drug-rich par-
ticles. Authors assume that HPMC-AS is localized at the
surface of formed drug-rich particles, as suggested by zeta-
potential measurements (Miao et al., 2019). Furthermore,
studies on multidrug ASDs (ritonavir, etravirine, and efavirenz
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in different cellulosic polymers) in solutions resulting from
these ASDs showed that these substances influence each
other in the measured aqueous concentration. Further mech-
anistic analysis lead to the conclusion that these interactions
are not based on interactions within the molecularly dis-
solved state, but rather originate from interactions in the
ALPS phase: the equilibrium between ALPS phase and the
aqueous phase was shifted due to the intermixing of these
drugs within the ALPS phase (Arca et al., 2017). In the case
of polymers, the effect of their presence in drug-rich particles
was investigated in more detail by the example of lopinavir:
Li & Taylor (2018) conducted a study on the effect of poly-
mers on supersaturation, differentiating by three levels of
drug–polymer interaction. They pointed out that the
amorphous solubility depends on the chemical potential
within the amorphous phase. The admix of polymers alters
the chemical potential of the amorphous phase. Based on
theoretical considerations, authors propose three cases:

� Systems with stronger intermolecular interactions than
within the pure components (negative Flory–Huggins
interaction parameter). Here, an interaction of the API
with the polymer is preferred in the amorphous phase,
reducing the amorphous solubility.

� Systems with ideal intermolecular interactions
(Flory–Huggins interaction parameters close to zero).
Here, the change to the chemical potential is only related
to the composition of the system (i.e. API concentrations
in polymer and water).

� Systems with weaker intermolecular interactions (positive
Flory–Huggins interaction parameter) than within pure
components. Here, amorphous solubility is highest.
However, these systems are prone to phase separation
already in the solid ASD.

A negative effect on amorphous solubility is therefore
expected for poorly soluble drugs, due to strong interactions
with the poorly soluble API.

The proposed equilibria establish at a specific rate and
are affected by dynamic factors. Consequently, sink condi-
tions directly influence the in vitro and in vivo behavior of
dissolved ASDs: A study (Bevernage et al., 2012) showed that
the membrane transport of supersaturated loviride was
reduced by crystallization and correlated with the degree of
true supersaturation. On the other hand, crystallization was
reduced by an absorptive environment. Therefore, the max-
imum absorption in an absorptive environment and in a
non-absorptive environment did not correlate. The addition
of crystallization inhibitors increased the membrane trans-
port, however, significantly higher in a non-absorptive envir-
onment than in an absorptive environment.

In summary, the different states of dissolved ASDs can be
seen as different compartments, namely the molecularly dis-
solved API, solubilized API, and the API in ALPS, which inter-
act with each other and can reach saturation concentrations
(except for API in ALPS). Polymers seem not to form their
own state, but affect equilibria between the states. With
respect to formulation development, the use of polymers

should therefore be counterbalanced between strong inter-
actions with the API to achieve efficient recrystallization
inhibition (Section 6.2.2) and weak interactions to achieve
maximal ALPS concentration for efficient trans-membrane
flux. The effects of other substances (other drugs, food, or
endogenous substances) on the equilibria underline the
physicochemical sensitivity of the ALPS phase.

9. Conclusions and outlook

As outlined in this review article, recent literature contributes
to a better understanding of mechanisms of ASD dissolution,
drug distribution in an aqueous environment, and drug
absorption. There has been compelling evidence col-
lected that:

� ASD dissolution can be ascribed to three main mecha-
nisms, namely carrier controlled, dissolution controlled,
and drug controlled dissolution. Factors influencing drug
dissolution are drug load, homogeneity of the solid ASD,
drug–polymer interactions, and the presence of
surfactants.

� The dissolved states of ASDs can be understood as states
of molecularly dissolved drug (eventually supersaturated),
solubilized drug, and drug in ALPS. These states are in a
dynamic equilibrium.

� Increased drug absorption is mainly due to increased con-
centrations of molecularly dissolved API and facilitated
diffusion through the unstirred layer by drug-rich par-
ticles. Effective release is from the drug-rich particles is a
distinct advantage over other enabling formulation for
poorly soluble APIs.

� Polymers can stabilize supersaturated solutions in the
aqueous and the amorphous phase. At the same time,
however, they can lower the amorphous solubility.

� Surfactants can enhance dissolution properties, stabilize
but also destabilize supersaturated solutions and decrease
the dissolved fraction of API when forming a micel-
lar state.

Translation from in vitro to in vivo remains a challenge.
There are only a few studies, which address this problem.
For example, physiologically based pharmacokinetic (PBPK)
modeling or IVIVC (in vitro–in vivo correlation) strategies
were used to predict in vivo performance of ASDs (Sethia &
Squillante, 2004; Indulkar et al., 2016). We believe that trans-
lational approaches could greatly benefit from a better
mechanistic understanding of underlying processes of API
delivery, i.e. liberation, and absorption in biological systems.
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Highlights 

To control and optimize ASDs performance, the addition of excipients is a promising 
method to multiply formulation options. Today, the impact of excipients on ASD behavior 
is understood incompletely, hindering the rational application of excipients in ASDs. In this 
study, the effect of surfactants in an ASD formulation was mechanistically investigated by 

i. Microscopy and in silico molecular dynamics simulations
ii. In vitro dissolution testing and mechanistic model fitting
iii. In vivo pharmacokinetic studies and physiologically based pharmacokinetic

(PBPK) modeling

It was possible to enhance the performance of the formulation by the addition of 
surfactants and the individual role of these surfactants in the formulation was identified. 
The applied methods proofed as useful tools for the mechanistic investigation of the impact 
of excipients. The study aims to contribute to the rational use of surfactants in ASD 
formulation development. 
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A B S T R A C T

Drug delivery of poorly soluble drugs in form amorphous solid dispersions (ASDs) is an appealing method to
increase in vivo bioavailability. For rational formulation design, a mechanistic understanding of the impact of
surfactants on the performance of ASD-based formulations is therefore of importance.

In this study, we used hot-melt extrusion to prepare ASDs composed of the model drug substance efavirenz
with hydroxypropyl methylcellulose phthalate (HPMCP) as the base polymer, and surfactants. Molecular dy-
namics simulations and in vitro dissolution studies were used to investigate formation and drug release from
polymer vesicles, and their ability to maintain a supersaturation state as a function of surfactant composition.

It was possible to identify main factors regulating particle formation and to modify dissolution profiles with
different excipient compositions. Animal studies in the rat, in combination with physiologically based phar-
macokinetic modeling, demonstrated enhanced drug absorption from formed vesicles. The surfactant compo-
sition in the ASD had a direct influence on the morphology of these vesicles, as well as kinetics of drug release,
and, therefore, the oral bioavailability. ASDs, prepared by hot-melt extrusion method, were optimized for dis-
solution and adsorption rates increase.

Our findings contribute to a better understanding of dissolution behavior of ASDs with respect to the function
of surfactants, aiming to facilitate a rational formulation development and an accelerated transition from in vitro
systems to in vivo applications.

1. Introduction

Recurrent drop-outs of poorly soluble drug candidates during drug
development [1] due to low bioavailability [2] create a need for de-
livery systems that improve drug solubility. A potential solution to
decrease this attrition rate, i.e., fraction of drugs that are excluded
during drug development, is a drug delivery in the form of amorphous
solid dispersions (ASDs) [3]. ASDs are systems in which an active
pharmaceutical ingredient (API) is stabilized by amorphous embedding
into a solid polymer matrix [4]. Their use in oral drug delivery can
increase in vivo bioavailability in animals and humans [5]. Although
different methods exist to produce ASD [6], hot-melt extrusion has
gained an increasing attention in formulation development. This pro-
cess has an advantage of solvent-free and continuous processing [7].
During the extrusion process, polymer and API powder mixtures are fed
to the extruder with subsequent melting and mixing to initiate dis-
solution and dispersion of the API crystals in the molten polymer. The
molten mass is extruded through a die and is cooled down [8,9].

Enhanced bioavailability through ASDs is considered to result
mainly from the temporary formation of a supersaturated solution of an
active pharmaceutical ingredient (API) stabilized by a polymer. It is,
thus, possible to overcome the limitations of poor aqueous solubility.
During the first dissolution phase of this process, supersaturation con-
ditions are archieved by putting of an API in an amorphous state, i.e., a
higher energy state as compared to crystalline conformation. The
second dissolution phase is characterized by a stabilization of a su-
persaturation effect, ideally for a period of time sufficient to ensure
complete absorption of the API in the gastro- intestinal tract (GIT) [10].
Different stabilization mechanisms such as solubilization as micelles
with amphiphilic polymers, recrystallization inhibition by polymers
[11,12], or the formation of colloidal drug-rich particles have been
reported. Latter can be in a form of amorphous droplets, amorphous
particles, or gel-like particles [13]. Such particles have higher drug
loads [14,15] and are formed e.g. by liquid-liquid phase separation
(LLPS) [16–18] or glass-liquid phase separation (GLPS) [19]. Here,
based on mostly hydrophobic interactions, a meta-stable equilibrium
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between a supersaturated solution and a droplet phase containing the
poorly soluble API and excipients is generated. Also, mixtures of dif-
ferent particle species have been observed [20,21]. The formation of
drug-rich particles is still poorly understood. It should be noted that the
choice of polymers directly influences if and what kind of drug-rich
particles are formed. Studies on drug flux through membranes [12,22]
revealed that polymer properties also influence flux trough the mem-
brane [23]. Enhancements of drug flux have been reported [24–26]
along with the absence of such effects [27]. Besides selecting different
base polymers for binary formulations, an alternative formulation
strategy is the compounding with excipients, such as other polymers or
surfactants [28].

Different base polymers are reported as suitable carriers in ASDs
[10]. While some have been developed specifically for use in ASDs,
others have been used in pharmaceutical development for other pur-
poses. An example of a known polymer that has not been designed for
application in ASDs is the hydroxypropyl methylcellulose phthalate
(HPMCP). It was initially developed for gastro-protective coating of
tablets and has attracted little attention for application in ASD-based
formulation design. It is available as HPMCP HP50 and HPMCP HP55,
corresponding to its degree of phthalate substitution and, therefore, to
the minimal pH-value (5.0 or 5.5) above which it becomes water-so-
luble [29,30]. These properties, i.e., pH-dependent dissolution, makes it
an interesting polymer for use in gastro-protective formulations of acid-
sensitive APIs [31].

Surfactants can affect the performance of ASD formulations in dif-
ferent ways [4,10]. With respect to dissolution properties, surfactants
were shown to enhance wetting [32], improve dispersibility [33], in-
hibit crystallization [34,35], stabilize the amorphous state of APIs [20],
and enhance dissolution and supersaturation in general [36]. On the
downside, the presence of surfactants in ASDs can also lead to inhibi-
tion of dissolution rates [33], can promote undesired crystallization as
well as leaching of API from the drug-rich particles into the surrounding
medium [35,37], and can influence particulate species formation
[20,38].

APIs with a low bioavailability due to poor aqueous solubility can
benefit best from a formulation as ASD. Efavirenz is such a drug that
frequently has been used as a model compound in solubility enhance-
ment studies [39–45]. Having a low solubility and high permeability,
efavirenz is generally classified as a class II drug in the biopharma-
ceutical classification system (BCS) for doses of 600 mg in humans [46].
However, due to varying results in permeability measurements, a
classification as BCS class IV drug is also possible [47].

Despite numerous research efforts to better characterize the dis-
solution process of ASDs, we still do not fully understand mechanisms
of drug-rich particle formation, the effect of admixed surfactants, and
factors influencing in vivo bioavailability. In this study, we therefore
investigated the impact of admixed surfactants on the dissolution be-
havior and in vivo bioavailability of ASDs by experimental work and
subsequent mechanistic analysis, aiming to contribute to the elucida-
tion of API absorption from ASDs. We optimized and characterized
drug-rich particle forming ASDs composed of HPMCP, surfactants, and
efavirenz by microscopic particle imaging and molecular dynamics
(MD) simulations, pharmaceutical dissolution testing and mechanistic
data fitting, as well as in vivo bioavailability assessment in rats with
physiologically based pharmacokinetic (PBPK) model fitting.

2. Materials and methods

2.1. Chemicals

HPMCP HP50 and HP55 (hydroxypropyl methylcellulose phthalate)
was kindly provided by Shin-Etsu Chemical Co., Ltd. (Tokyo, Japan).
Efavirenz was obtained from Hetero Labs Limited (Hyderabad, India).
Soluplus (polyvinyl caprolactam-polyvinyl acetate-polyethylene glycol
graft copolymer) and Kollicoat IR (polyvinyl alcohol-polyethylene

glycol graft copolymer) were kindly provided by BASF SE
(Ludwigshafen, Germany). Kolliphor EL (polyoxyl 35 hydrogenated
castor oil) and ethyldiglycol (Transcutol P), ammonium bicarbonate,
ammonium hydroxide solution 28%, sodium hydroxide, EDTA (ethy-
lenediaminetetraacetic acid) and methanol were ordered at Sigma-
Aldrich Chemie GmbH & Co. KG (Karlsruhe, Germany). Ethanol 96%,
Tween 80 (polysorbate), potassium dihydrogen phosphate, acetonitrile,
and PEG 400 (poly-ethylene glycol) were purchased from Carl Roth
GmbH & Co. KG (Karlsruhe, Germany). PEG 6′000 (poly-ethylene
glycol) and formic acid were ordered from Merck KGaA (Darmstadt,
Germany) and PEO 100′000 from (poly-ethylene oxide) from Alfa Aesar
GmbH & Co. KG (Karlsruhe, Germany). Sucrose palmitate was obtained
from Mitsubishi-Chemical Foods Corp. (Tokyo, Japan). Sterile sodium
chloride solution 0.9% and sterile heparine solution 25′000 IE/5 ml
were purchased from B. Braun AG (Melsungen, Germany). Sterile glu-
cose solution 50% was obtained from Laboratorium Dr. G. Bichsel AG
(Unserseen, Switzerland) and DMSO (dimethyl sulfoxide) from
Honeywell-Fluka/Fisher Scientific AG (Hampton, USA). Reference
material for bioanalysis (efavirenz, D4-efavirenz) was obtained from
Toronto Research Chemicals (Toronto, Canada). The marketed for-
mulation of efavirenz used in this paper was Stocrin 50 mg from MSD
Merck Sharp & Dohme AG (Kenilworth, United States). Fasted simu-
lated intestinal fluid (FaSSIF) was purchased from Biorelevant.com Ltd.
(London, UK).

2.2. Methods

2.2.1. Production of amorphous solid dispersions by hot-melt extrusion
ASDs were produced with a ZE HMI 9 mm co-rotating mini twin-

screw extruder (Three Tech GmbH, Seon, Switzerland). The five-barrel
elements were individually PID-controlled by electrical heating and
pressurized air as a coolant. The entry block was cooled by house water
circulation assuring a temperature below 25 °C. Powders were fed by a
flat-bottom double-screw dosing device (Three Tech GmbH). Liquid
components were fed through a Model 11 syringe pump (Haward
Apparatus, Holliston, USA) through a vertical inlet into the first tem-
perature-controlled block of the extruder (40 mm distal from powder
inlet). Table 3 in the supplement contains the extrusion parameters and
settings. The extrusion zones' temperatures were chosen below the
decomposition temperatres of individual components. Powders for ex-
trusion were blended in a Turbula mixer (Glen Mills Inc., Clifton, USA)
or by hand in a mortar depending on the sample size. As no it was not
aim to optimize the mixing and extrusion process, we measured the
drug content in all formulations as a quality control and adapted dos-
ings for subsequent experiments. For further analysis, samples were
milled using an A 11 basic hand mill (IKA Werke GmBH & Co. KG,
Staufen, Germany).

2.2.2. Optimization of amorphous solid dispersions
ASD formulations were prepared by mixing HPMCP, efavirenz and

further additives (surfactants or polymers) in different proportions as
shown in Table 1 as well as in Table 4, Table 5, and Table 6 of the
supplement. In all formulations other than formulation F0, HPMCP
HP50 was used (in formulation F0 HPMCP HP55 was used). Produced
formulations were analyzed in the following order: In a first step, for-
mulations that were not extrudable into a solid, transparent, and mill-
able extrudate were excluded from further analysis. In a second step,
formulations were dissolved in a beaker to match similar conditions
(buffer and nominal efavirenz concentrations) as in dissolution tests
(section 3.2.3) under continuous stirring with a magnetic stirrer. For-
mulations, where no substantial dissolution was observed, were ex-
cluded from further analysis. Finally, formulations were analyzed in
dissolution tests (section 3.2.3) using UV/Vis quantification (section
3.2.4). Best results (Table 1) in this test (regarding dissolution rate and
extent of supersaturation) were confirmed (section 3.2.3) using HPLC
quantification (section 3.2.5) to exclude light dispersion artifacts of
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colloidal systems.

2.2.3. Dissolution testing
The used dissolution system consisted of an AT 7 dissolution tester

(Sotax AG, Aesch, Switzerland) set up as paddle apparatus (Ph. Eur.
2.9.3, Apparatus 2 [48]) combined with a CY 7 piston pump (Sotax AG)
for automated sampling (UV/VIS only). Glass microfiber filters with a
particle retention size of 1 μm were used to filter the samples. The
system was controlled by a custom-made dissolution software (Division
of pharmaceutical sciences, University of Basel, version 1.2.0.0). The
temperature was set to 37 °C and the rotation speed of the paddles was
set to 100 rpm. The dissolution medium was 1 l of 0.05 M phosphate
buffer, adjusted to pH 6.8 (according to Ph. Eur. 2.9.3 [48]) or 1 l of
fasted simulated intestinal fluid (FaSSIF) for dissolution in biorelevant
buffer. Efavirenz (pure drug, 50 mg/l) was added as powder sieved
through a 355 μm sieve to exclude effects of particle size distribution on
dissolution tests.

2.2.4. Method of quantification by UV/Vis
For automated dissolution test sampling, sampling times between

180 s and 240 s and a pumping time of 60 s prior to measurement were
chosen. We used a Lambda 25 ultraviolet-visible (UV/Vis) spectrometer
with a 1 cm cuvette (PerkinElmer, Waltham, USA) measuring at up to
three different wavelengths per sample. This allowed distinction of
absorbance of efavirenz (247 nm), additional excipients (271 or
281 nm) and Rayleigh scattering (320, 355 or 380 nm) due to the
formation of colloid solutions in the dissolution vessel. We used the
following correlation of the Rayleigh scattering at different wave-
lengths

⎛
⎜

⎞
⎟=

⎝ − ⎠−A
Rc λ

log 1
110 4 (1)

where A is the absorption, cR the constant of scattering, and λ the
wavelength. We determined cR by measuring the absorbance at a high
wavelength, where no absorption by other ingredients was observed.
Eq. 1 then allowed for estimation of Rayleigh scattering at the other
wavelengths. Efavirenz release was calculated based on a linear cali-
bration for efavirenz and additional excipients across all measured
wavelengths.

2.2.5. Method of quantification by chromatography
Samples for HPLC (high-performance liquid chromatography) of

1 ml, filtered (0.45 μm PTFE filter by Wicom Germany GmbH,
Heppenheim, Germany) and unfiltered, were drawn manually at 4, 8,
16, 32, 64, and 128 min. Samples were prepared for analysis by mixing
an aliquot of each sample (500 μl) with pure acetonitrile (500 μl).
Reference samples produced by dissolution of known amounts of efa-
virenz were prepared in the same manner.

The UHPLC system (Shimadzu PLC, Kyoto, Japan) for analysis was
equipped with two pumps (LC-30AD), a column oven (CTO-20 AC), an
autosampler (SIL-30AC), a photodiode array detector (SPD-M30A), and
a high sensitivity cell (8 mm). We used a Symmetry C18 4.6 × 100 mm,

3.5 μm column (Waters Corporation, Milford, USA) with an isocratic
solvent flow of 1.6 ml/min compose of 50% (v/v) acetonitrile and 50%
(v/v) ammonium bicarbonate buffer (containing ammonium bicarbo-
nate and ammonia hydroxide solution 28% (w/v)) adjusted to pH 10.
The injection volume was 50 μL. Resulting chromatograms were ana-
lyzed using the Lab Solutions software version 5.82 (Shimadzu PLC).
Concentrations were determined by linear calibration from the re-
ference samples. Dissolution results measured by HPLC were normal-
ized to the measured content of efavirenz in the ASDs (refer to section
3.2.6).

2.2.6. Sample preparation for content determination
For content determination, 7 mg of ASD samples were dissolved in

50 ml of phosphate buffer (as in section 3.2.3) and measured by the
HPLC method (section 3.2.5).

2.2.7. Animal studies
We performed animal studies according to Swiss regulations for

animal welfare under the license number BS-2836-27,529. Rats (Wistar,
female, 200–240 g) were jugular vein cannulated and provided by
Janvier Labs (Saint-Berthevin Cedex, France). Catheters were daily
checked for patency and flushed with 50 μl of a sterile lock solution
(250 IU/ml heparin in 50% glucose). Rats were fasted 6 h prior to the
experiments providing water ad libidum. The formulation was ad-
ministered orally by gavage using flexible, FTP 15G gavage tubes of
100 mm length (Instech Laboratories Inc., Plymouth Meeting, USA).
The intravenous formulation was administered through the jugular vein
catheter. Blood samples of 200 μl blood were drawn through the ca-
theter and the volume was replaced by 200 μl of a sterile heparin-so-
lution (150 IU/ml in 0.9% saline). Samples were collected 5 min before
formulation administration as well as 5 min, 15 min, 30 min, 1 h, 1.5 h,
2 h, 3 h, 4 h, 6 h, 8 h, and 24 h (and 48 h for the i.v. formulation) after
administration. Food was provided ad libidum after the 2 h sample. The
lock solution was applied after the 8 h sample. After the last time point,
the rats were euthanized using CO2.

2.2.8. Administered formulations In Vivo
For the i.v. formulation of efavirenz we dissolved 5 mg/kg rat

weight efavirenz in a mix of 884 μl/kg PEG 400, 1 ml/kg saline 0.9%
and 100 μl/kg DMSO resulting in an application volume of 1.984 ml/
kg. We sterilized the formulation by filtering through a 0.22 μm PTFE
membrane filter under aseptic conditions. The p.o. formulations of
10 mg/kg were suspended or predissolved (to form drug rich particles)
directly before gavage. For details regarding the different formulations,
refer to Table 7 in the supplement.

2.2.9. Blood sample preparation
The 200 μl of drawn blood was immediately put on 10 μl of a 0.5 M

EDTA solution and mixed gently. The anticoagulated blood sample was
centrifuged at 4 °C at 1000 g for 5 min. Plasma samples were stored at
−20 °C until analysis.

To prepare samples for mass spectrometry, an aliquot of 20 μL

Table 1
Hydroxypropyl methylcellulose phthalate (HPMCP) based formulations used in the present study. Theoretical and experimental composition of selected candidates.

Formulation Polymer Added fraction of sucrose palmitate [w/
w%]

Added fraction of polysorbate 80 [w/w
%]

Nominal drug load [w/w
%]

Measured drug load [w/w %]

F0 HPMCP HP55 – – 20 16.62
F31 HPMCP HP50 10 5 28.9 35.29
F34 HPMCP HP50 10 2.5 29.3 27.32
F36 HPMCP HP50 15 5 27.8 26.01
F37 HPMCP HP50 5 5 30.3 38.40
F38 HPMCP HP50 5 2.5 31.0 33.40
F39 HPMCP HP50 15 10 26.6 28.92
F40 HPMCP HP50 15 2.5 28.3 21.71
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plasma was diluted with 80 μl of methanol containing 250 ng/ml in-
ternal standard (D4-efavirenz) to precipitate plasma proteins. The
samples were centrifuged for 30 min at 3000 g and the supernatant was
injected directly into the HPLC-MS/MS system.

2.2.10. Bioanalysis and quantification by mass spectrometry
The tandem mass spectrometry (MS/MS) method was adapted from

Donzelli et al. [49]. The used HPLC system consisted of two LC-20AD
liquid chromatography pumps (Shimadzu PLC, Kyoto, Japan), a Model
7956 column oven (Jones Chromatography Inc., Columbus, USA) and a
PAL RTC (CTC Analytics AG, Zwingen, Switzerland) or a SIL-20 AC HT
autosampler (Shimadzu PLC). An Atlantis C18 2.1 × 50 mm, 3 μm
column (Waters Corporation, Milford, USA) was used at a total flow
rate of 0.35 ml/min with a binary mixture of methanol containing 0.1%
formic acid and water containing 0.1% formic acid using a gradient
increasing from 20% to 95% methanol. The injection volume was 5 μl.
For specific quantification of efavirenz, we used API 3200 mass spec-
trometer (AB Sciex, Framingham, USA). Table 8 in the supplement
shows detailed parameters.

Reference and quality control samples consisted of Wistar rat
plasma (innovative research, Novi, USA) spiked with an efavirenz in
DMSO solution resulting in different concentrations of efavirenz at a
constant content 0.1% DMSO in the plasma samples. Calibration curves
were weighted by 1/x2 and a lower limit of quantification of 5 ng/ml
was determined through measurement of quality control samples

2.2.11. Analysis of In Vivo pharmacokinetic data
The raw data were analyzed by the Microsoft (Redmond, USA) Excel

(version 2016) plugin PK Solver by Repka et al. [50] using a non-
compartmental model. Derived parameters (area under the curve AUC,
absolute bioavailability F, time of maximal concentration tmax, maximal
concentration cmax) from individual rats were cleared from outliers
(Grubbs Test; [51]) and groups were compared in a one-way ANOVA
analysis at a 95% confidence interval using a post-analysis Tukey test
[52] while testing for equal variance by Levene [53]. Statistical analysis
was performed in Origin Pro 2016 Version b9.3.226 (Origin Lab Cor-
poration, Northampton, USA). For the analysis of bioavailability, we
normalized for the measured efavirenz content in formulations F0 and
predissolved F0.

2.2.12. Cryo-transmission electron microscopy (cryo-TEM)
Samples were prepared by dissolving ASD corresponding to

250 mg/L efavirenz in the same buffer as for dissolution tests (section
3.2.3) under continuous stirring. A 4 μl aliquot of sample was adsorbed
onto a holey carbon-coated grid (Lacey, Ted Pella, USA), excess liquid
was blotted with Whatman 1 filter paper and vitrified into liquid ethane
at −178 °C using a Leica GP plunger (Leica, Austria). Frozen grids were
transferred onto a Talos electron microscope (FEI, USA) using a Gatan
626 cryo-holder. Electron micrographs were recorded at an accelerating
voltage of 200 kV and a nominal magnification of 57,000 x, using a low-
dose system (20 e−/Å2) and keeping the sample at low temperature.

2.2.13. Mathematical model of dissolution and data fitting
Dissolution data of formulations were fitted by a piecewise system

of ordinary differential equations (ODE) with initial and boundary
conditions as follows:
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We solved the system of ODEs in Mathematica 11.3 (Wolfram,
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Oxfordshire, UK). From time t = 0 until the time of crystallization tc,
only the unidirectional dissolution of drug from the solid ASD com-
partment (csolid) to dissolved state compartment (c) was fitted (rate
constant kdiss). At times after tc, drug in the dissolved state recrystallizes
to the concentration ccris at rate constant kcrys and reversibly at rate
constant krdiss, establishing an equilibrium concentration. Initial con-
ditions for t = 0 indicate an absence of drug in the dissolved and
crystalline states; and a dose d is the amount of solid drug in ASD.
Boundary conditions for t = tc were the analytical solutions of the first
part of the piecewise function with no drug in the crystalline state.
Details on fitting procedures are presented in the supplement (section
9.5).

From resulting fitted functions of filtered dissolution curves, dif-
ferent additional dissolution profile characteristics such as maximal
concentration, equilibrium concentration, start and end time of super-
saturation, period of supersaturation, area under the curve of super-
saturation, the ratio of kcrys and krdiss, and the ratio of maximal con-
centration and equilibrium concentration were extracted. These
characteristics were plotted against the polysorbate 80 content, sucrose
palmitate content, the ratio of these two surfactants and the summed
content of surfactants in the formulation (scatter matrix). Within the
different scatter plots, data points were fitted by linear correlation and
the Pearson correlation coefficient was determined.

2.2.14. Physiologically based pharmacokinetic modeling
In order to estimate the in vivo dissolution curve of the formulations,

we fittet a calibrated PBPK model with respect to the dissolution curve
parameters to experimentally obtained pharmacokinetic profiles. We
used the open-source PBPK software PK-Sim Version 7.3.0 (Open
Systems Pharmacology), with the included standard method for calcu-
lation of partition coefficients (PK-Sim standard) and their standard rat
model. Fixed model parameters were intestinal solubility (human) and
fraction unbound (rat), which were retrieved from literature [75–78]
(Table 9 in the supplement). In a first step, the system was calibrated to
i.v. rat data by fitting the parameters plasma clearance, entero-hepatic
plasma clearance, permeability, lipophilicity, and specific intestinal
permeability (Table 9 in the supplement). Starting values were retrieved
from PK-Sim calculations, pharmacokinetic analysis, or literature. Ex-
cept for clearances, a deviation of± 20% was allowed. In a second step,
the p.o. data were fitted with fixed parameter values retrieved from i.v.
fitting. Here, the Weibull dissolution parameters dissolution shape and
dissolution time [54], as well as the dose, was fitted. From the retrieved
Weibull parameters (Table 10) and the dose, in vivo dissolution curves
were plotted. For detailed parameters and references refer to Table 9
and Table 10 in the supplement.

2.2.15. Molecular dynamics simulations
Molecular dynamics simulations were carried out using the

Desmond molecular dynamics software package 2016.4 (D.E. Shaw
Research, New York, USA, [55]) and Maestro 11 (Schrödinger LLC, New
York, USA) using the OPLS_2005 definition of the force field. A system
composed of 20 reduced length HPMCP HP50 chains (1167 atoms), 104
efavirenz molecules, 39 sucrose palmitate molecules, and 3 polysorbate
80 molecules was created, corresponding to the mass ratios used in
Formulation F40 (Table 1). Phthalate groups were deprotonated ac-
cording to the expected ratio at pH 6.8 according to a pKa of 5.4. The
molecules were arranged randomly using PACKMOL version 18 (Uni-
versidade Estadual de Campinas, Brazil, [56]). The resulting system and
the same system with removed surfactant molecules were each sol-
vated, neutralized by Na+ ions and molecular dynamics was performed
for 20 and 50 ns at body temperature (310,15 K) and atmospheric
pressure (scenario I). In addition, the randomly packed systems with
and without surfactant molecules were simulated without water mo-
lecules for 5 ns to form particles, due to energy minimization. Resulting
configurations were solvated, neutralized by Na+ ions and run again for
20 ns (scenario II). Before each simulation, the system was relaxed by
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the Desmond standard relaxation protocol and the energy cycle length
was 1.2 ps in all simulations. Total systems potential energy, as well as
surfaces of the whole molecular ensemble (excluding water and Sodium
ions), were recorded.

2.2.16. X-ray powder diffraction
To prove the amourphous stat of the produced ASDs, we performed

x-ray powder diffraction (XRPD) on a SmartLab diffractometer (Rigaku
Corp., Tokyo, Japan) equipped with a 9 kW rotating anode generator,
Bragg-Brentanto optical geometry and a HyPix-3000 detector. Samples
were exposed to radiation (λ = 1.541 Å) from a Cu source and mea-
sured in 1D detection mode. For all measurements, a CuK-beta filter
was used.

2.2.17. Dynamic light scattering
To characterize the size of particles formed upon dissolution of

ASDs, dynamic light scattering (DLS) was performed on a Delsa™ Nano
(Beckmann Coulter, Brea, USA) with automatically optimized mea-
surement conditions.

3. Results

Hot melt extrudates (ASDs), which were glassy, easy to comminute
solids were characterized in more detail (Table 1). The added fractions
of 5–15% sucrose palmitate and 25–10% of polysorbate 80 did not
hinder the milling process of the extrudates (observation), which is very
important for further processing of the ground ASDs into tablets. The
selected formulations from the (Table 1) were investigated for particle
morphology, dissolution behavior, and in vivo performance. Informa-
tion on physical and chemical properties of formulations which did not
pass the screening requirements is provided in the supplementary ma-
terial.

For Formulatoin F0 and F40, additional XRPD analysis was per-
formed (Fig. 9). Both formulations did not show any crystallinity peaks
as the reference of pure efavirenz. This confirms the amorphous state of
the drug in the ASDs.

3.1. Particle morphology and molecular dynamics simulation

Cryo-TEM imaging of F0 (without surfactants) and F40 (with sur-
factants) showed particles or aggregates in the submicron to sub-
millimeter range (Fig. 1). For formulation F40, DLS measurements
showed that 90% of the particles (number distribution) had a average
size of 601.6 ± 76.6 nm with a small number of larger aggregates.
Particles formed from formulation F0 exposed heterogeneous structure,
with irregular shapes and surfaces. Particles formed from formulation
F40 were coalescing into random pattern aggregates and showed
smooth surfaces. Time-resolved imaging of formulation F40 at different
time points after the beginning of dissolution demonstrated an overall
tendency of smaller particles to form larger clusters after 2 h. After 5 h,
drug crystals appeared in the samples, which suggests particle decom-
position and the crystallization of the API, as seen in Fig. 1,e with
crystalline needles. It can be speculated that mainly the hydrophilic
core undergoes decomposition with subsequent release and re-
crystallization of drug.

Results of molecular dynamics simulations (Fig. 2) showed that in
scenario I, an entanglement of molecules was simulated while in sce-
nario II a disentanglement of the molecules was obtained (Fig. 2 B). The
analysis of surfaces around the molecular ensemble of simulated mo-
lecules (excluding water) supported these results (Table 11 in the
supplement).

3.2. Results of In Vitro testing and modeling

The performance of the the formulation were mostly assessed with
dissolution tests using phosphate buffer. While the addition of water-
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soluble polymers in formulations F1–11 (Table 4 in supplement) did not
impact dissolution (data not shown), the addition of surfactants has
improved the dissolution properties (Table 1, Table 5 in the supple-
ment). In our case, adding water-soluble polymers to the ASD seemed to
be a promising strategy to improve ASD performance and therefore was
not further investigated. The best surfactant combination was identified
as a mixture of sucrose palmitate and polysorbate 80. An optimization
screening to identify the optimal content of the excipients with respect
to enhance dissolution performance resulted in a formulation con-
taining 15% (w/w) of sucrose palmitate and 2.5% (w/w) of polysorbate
80 (formulation F40, Table 1). This composition showed a complete
drug release within first 16 min of dissolution. The formulation without
surfactants F0 released only 55% (w/w) of drug during the first 16 min
and the marketed formulation yields only 30% drug release at the same
time point. Decrease of drug concentrations in filtered fractions, espe-
cially in formulations with surfactants, suggests drug precipitation from
the supersaturated solution. In contrast, and as expected, the marketed
formulation did not show any effect of supersaturation (Fig. 3). The
ground particles of formulation F0 (without surfactant) dissolved in-
completely and ASD-particles turned white, hinting on recrystallization
of efavirenz on the surface of the particles, as described in the literature
[57,58]. In contrast to F0, formulation F40 (with surfactant) showed
complete dissolution and the formation of a colloidal solution.

Aiming to achieve better comparability between in vitro and in vivo
results, formulations F0 and F40 were also tested in biorelevant
medium (FaSSIF). Results showed fast and complete release profiles for
both formulations (Fig. 3)..

Table 2 summarizes findings from correlation analysis between
dissolution profile characteristics and formulation content properties.
Higher total surfactant and sucrose palmitate content have a positive
impact on equilibrium concentrations (ceq). Furthermore, higher total
surfactant and polysorbate 80 content delay dissolution and re-
crystallization. It should be noted that surfactants had an impact on
equilibrium concentrations (ceq) but not on maximal concentrations
measured during dissolution (cmax).

3.3. Results of In Vivo testing and modeling

Comparable bioavailabilities were observed for the marketed for-
mulation and the physical mixture of polymer of formulation F0 and
efavirenz (Fig. 4). The corresponding extruded formulation F0 showed
only a marginal bioavailability, while the predissolved formulation F0
had the highest bioavailability among others. Surfactants in F40 in-
creased the bioavailability compared to the ASD without surfactants
(F0). Regarding the time necessary to reach the maximum concentra-
tion in plasma, the marketed formulation had the shortest tmax, whereas
the physical mixture had an increased tmax. The predissolved formula-
tion F0 and the marketed formulation yielded highest cmax in rat plasma
(supplement Fig. 8).

The results of the deconvolution of the fitted pharmacokinetic data
with the PBPK model (calculated in vivo dissolution curves) suggest an
incomplete release in all formulations (Fig. 5). While the predissolved
formulation F0 showed a maximal in vivo release of approximately 50%,
the physical mixture of formulation F0 and the marketed formulation
showed a maximum at approximately 25%. Formulation F40 liberated
only approximately 5% of the drug substance and the ASD formulation
F0 showed a release close to zero. With respect to the relative dis-
solution speed, the dissolved formulation F0 and formulation F40
showed the fastest release. The physical mixture of formulation F0 and
the marketed formulation both showed moderate and comparable dis-
solution rates.

4. Discussion

As outlined in the introduction, ASDs are promising formulations to
increase bioavailability. However, the mechanisms of dissolution, in-
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situ formation of drug-rich carrier vesicles and in vivo bioavailability are 
poorly understood. As the physiologically relevant drug delivery system, 
i.e. drug-rich particles formed upon dissolution, is formed in situ, it is of 
great interest to control and fine-tune the behavior of the system, e.g., by 
additional excipients such as surfactants. In addition, the influence of 
such excipients on the vesicle formation mechanism is not entirely 
understood, making the rational design of ASD-based medicine difficult 
yet. In this study, we provide insights into the in-situ formation of the 
carrier vesicles and the influence of surfactant on uptake mechanisms 
from amorphous solid dispersions. To elucidate these mechanisms, the 
used modeling methods (molecular dynamics, dissolution data fitting, 
and physiologically based pharmacokinetic modeling) proved to deliver 
valuable information beyond the mere experimental results.

We chose the model system of efavirenz as model drug and HPMCP 
as base polymer. The surfactants sucrose palmitate and polysorbate 80 
were chosen based on dissolution experiments. Fig. 6 depicts the insight 
gained from this study. In vitro, the ASD formulation containing only 
HPMCP as polymer (without surfactants) forms particles during dis-
solution and leads to supersaturation compared to the marketed for-
mulation, supporting the suitability of this polymer for use in ASDs (Fig. 
6, A). However, the dissolution of such ADSs was incomplete. By adding 
a suitable ratio of selected surfactants, supersaturation is max-imized 
and a complete dissolution is achieved. The two surfactants seem to 
influence the dissolution curve independently: While sucrose palmitate 
increased the supersaturated equilibrium concentration, polysorbate 80 
increased the time to supersaturation and prolonged the time to 
recrystallization (Fig. 6, C). In vivo, ASDs without surfactants showed a 
marginal dissolution. However, once drug-rich particles formed (i.e. 
externally predissolved ASDs), an efficient uptake of drug

from the particles was observed, proving the validity of the drug-rich 
particles for oral drug delivery (Fig. 6, B). With surfactants, an in-
creased overall bioavailability was observed (Fig. 6, D), however no 
extended animals study was performed as a corresponding study is 
aimed to be performed in humans (clinical trial registered under 
NCT03886766).

From a conceptual point of view, complete and fast dissolution from 
ASD into drug-rich particles is a crucial first step in the cascade to 
systemic drug uptake. The detailed mechanisms of the formation of 
drug-rich particles from ASDs (e.g. driven by a temporary dissolution of 
individual ASD compounds or the disintegration of particles directly 
from the ASD) was not investigated in this study. In vitro, we showed that 
surfactants clearly promote this step. In addition, in vitro behavior was 
responsive to changes of the ratios of the two surfactants (Fig. 6, C). In 
the second step in the cascade to systemic drug uptake, the drug needs to 
be absorbed from the drug-rich particles. In contrast to the localization 
of poorly soluble drugs in micelles, which can have a ne-gative effect on 
the flow through the intestinal membrane [59], drug-carrier particles 
emerging from ASDs are proposed not to hinder the flux [60,61] (Fig. 6, 
B). This is in line with the hypothesis that drug-rich particles formed by 
ASDs represent a reservoir, from which API can diffuse rapidly into 
solution for subsequent intestinal absorption [18]. In this study, the 
function of the drug-rich particle as such a reservoir was shown in vivo 
for the formulation without surfactants (Fig. 6, B). For the formulation 
with surfactants, an increased bioavailability was observed (Fig. 6, D).

4.1. Effect of surfactants on particle morphology

The obersved particles size in cryo-TEM was in line with the particle

Fig. 1. Cryo-TEM images of formulation F0 and formulation F40. Formulations F0 (A) and F40 (B) were analyzed by cryogenic electron microscopy. Changes in 
formulation F40 over time were monitored at 30 min (C), 2 h (D) and 5 h (E) after start of dissolution.
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Fig. 4. Oral bioavailability (24 h) of efavirenz formulations. Comparison of
formulation F0 (n = 2), physical mixture of efavirenz and polymer of for-
mulation F0 (F0 PM; n = 3), marketed formulation (n = 3), predissolved
formulation F0 (F0 prediss.; n = 3), and formulation F40 (n = 4). Values are
means± S.D., statistical analysis was done at a significance level of 0.05.

size characterization by DLS. The addition of surfactants to the for-
mulation seems to facilitate particle formation. Surfactants also influ-
enced particle-particle interactions. While in the absence of surfactants,
particles were observed strictly individually, there was a frequent in-
teraction between the particles observed in the presence of surfactants
(Fig. 6, C). This might have different reasons: 1) Looking at the complex
structures observed, it could also be hypothesized that the particles or
aggregates had a low surface energy, allowing for a transitional phase
of a non-beneficial surface to volume ratio, therefore, facilitating for-
mation of dispersions; 2) surfactants on the surface of the particles
enable interparticle interaction due to similar hydrophobicity of the
surface groups; and 3) surfactants induced the formation of different
particles, based on different physicochemical principles (e.g. LLPS vs.
micelles). Even though the coalescence of particles over time into larger
particles is likely (see below), it is also possible that smaller particles
also emerge from large particles or from the surface of an ASD particle
due to applied shear forces.

As it can be seen in Fig. 1 C-E, the particles were not stable over
time: Particles increased in size and had disappeared after 5 h, which
triggered the recrystallization of efavirenz. This is in line with the
dissolution results (refer to section 4.2), where the concentration in the
filtered fraction decrease. These insights (Fig. 6, C) are important to
estimate a time-limited stability and assures the release of efavirenz and
consequently, its availability for uptake from the intestinal lumen.

Fig. 2. Molecular dynamic simulation of particle morphology. Different starting
conditions were defined for the simulations: In scenario I, molecules were ar-
ranged randomly and solvated. In scenario II, molecules were first condensed
into particles and then solvated. Both scenarios were carried out with and
without surfactants (sucrose palmitate and polylobate 80). A Molecular en-
semble states at times 0 and 20 ns. Efavirenz is colored green, sucrose palmitate
pink, polysorbate 80 orange and polymers gray. A semi-transparent surface was
created around the included molecules to visualize electric potentials. Water
molecules are not displayed for better visibility. (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred to the web version
of this article.)

Fig. 3. Dissolution profiles. Dissolution of formulation F0 (without surfactants,
black squares), formulation F40 (with surfactants, white circles) and the mar-
keted formulation (gray triangles). Empty crossed squares and circles connected
with thin lines are formulations F0 and F40 in FaSSIF, respectively. Values are
means± S.D., n = 3. Solid lines depict the unfiltered fraction and dashed lines
the filtered fraction.

Table 2
Correlation between dissolution profile characteristics and formulation content
properties. Summary of observed correlations for filtered fractions with Pearson
correlation coefficient r > 0.7 or r < − 0.7. Formulation parameters: the
content of total surfactant or content of polymer (polysorbate 80 or sucrose
palmitate). Dissolution profile characteristics: Dissolution rate constant kdiss,
time of crystallization onset tc, time to supersaturation onset tsup, and con-
centration at equilibrium state ceq. Tested concentration ranges: see Table 1,
Formulations F31, F34, and F36-F40.

Dissolution profile
characteristics

Formulation
parameter

Pearson correlation
coefficient

ceq Total surfactant 0.896
tc Total surfactant 0.749
tsup Total surfactant 0.835
tc Polysorbate 80 0.853
tsup Polysorbate 80 0.863
ceq Sucrose palmitate 0.964
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3 Results 

79 

The spontaneous molecular arrangement of ASD compounds into
drug-rich particles was confirmed by MD simulations. When performing
MD simulations starting with individually dissolved ASD components
(scenario I), the formation of a particle was observed after 20 ns. More
pronounced results were obtained for a longer, i.e., 50 ns simulations.
At the same time, when starting with a preformed ASD particle sepa-
rated from the surrounding water, a decompositoin of the particle could
be observed. This indicates that 1) the optimal state can be described as
an intermediate state between individually dissolved ASD components
and complete segregation of ASD compounds from water. Furthermore
2), it can be expected that the particles form spontaneously form dis-
solved ASD compounds but also allow for a liberation of the compounds
from a complete segregated state (e.g. the solid ASD). The change of the
surface area of the molecular ensembles (excluding water) is in line
with this observation. Differences between the systems with or without
surfactants could be explained by the low solubility of sucrose palmi-
tate, which facilitates the aggregation of molecules and inhibits particle
hydration. These insights are supported by the recorded molecular
trajectories during simulation. Sucrose palmitate, together with efa-
virenz, seems to localize in the middle of the ensemble of molecules,
creating a hydrophobic core, while the polymer chains seem to orient
towards the water. These cores might also be responsible for the higher
equilibrium concentration correlating to the content of sucrose palmi-
tate during the dissolution test. A higher content of the hydrophobic
sucrose palmitate in the ASD could contribute to the formation of hy-
drophobic cores, creating a larger volume stabilization matrix, where
higher concentrations of amorphous efavirenz is possible (Fig. 6, C).
Sucrose palmitate could therefore be ascribed a solubilizing role. In
contrast, in the system without surfactants, efavirenz alone seems not to
localize in a core within the polymer chains. This could be explained by
an insufficient amount of hydrophobic moieties.

Looking at the role of the polymer, it is interesting to observe that
efavirenz seems to aggregate with the parts of the polymer chains that
are not charged, i.e. in sections without phthalates. The polymer itself
therefore might also have a solubilizing effect, which could explain the
comparably good results of the physical mixture's bioavailability in vivo.
Furthermore, for the formation of stable particles, it seems crucial that
the polymer can interact with all molecules in the ASD as well as in
water. From this observation, it can be assumed that the polymer plays
an important role in bridging the interaction of water and further ex-
cipients.

Based on MD observations, Polysorbate 80 seems to have similar
action as sucrose palmitate, however, due to the low number of poly-
sorbate 80 molecules that could be included in the MD simulation due
to computational limitations, no conclusion on its function can be made
based on these results.

The molecular dynamics simulations, has besides its opportunities
also limitations, e.g. that the time scale of simulation is not comparable
to experimental time scales and complete convergence of the system
was not possible. Furthermore, the effect of pH, which we accounted for
by a static deprotonation of phthalate groups in the HPMCP chains,
hinders the formation of local differences of pH and therefore degree of
deprotonation. Less deprotonation for example would be expected in
the core of the particle, where water molecules are rare and the en-
vironment is mostly hydrophobic. Furthermore, long calculation times
of such large systems limit the number of simulations at hand, which is
also why no statistical model discrimination tests were performed.

4.2. Effects of surfactants In Vitro

The fitting of the experimentally obtained dissolution curves with
the established mathematical model allows for the description of the

Fig. 5. Plasma concentration-time curve and simulated drug release in rats with simulated in vivo dissolution profiles. Primary y-axis, solid line: Fitted plasma
concentrations after i.v. efavirenz solution (5 mg/kg, n = 3) or p.o. administration (10 mg/kg) of efavirenz in form of the marketed formulation (n = 3), formulation
F40 (n= 4), predissolved formulation F0 (F0 prediss., n = 3), physical mixture of formulation F0 (PM, n = 3), and formulation F0 (n= 2). Secondary y-axis, dashed
line: Simulated in vivo drug release. Values are means± S.D.
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different sub-processes occurring at the same time (dissolution of ASDs,
crystallization and redissolution). Especially for systems where super-
saturation is dynamic and unstable, this method could be valuable al-
ternative to static solubility or supersaturation measurements, which
both are not always possible to perform experimentally and might be of
limited use for the characterization of the dynamic situation in vivo.

Considering the observations of surface recrystallization made
during dissolution testing (section 4.2), it can be hypothesized that the
addition of surfactants can suppress drug recrystallization of efavirenz
during dissolution, as was reported for other combinations of drugs and
surfactants [62–64]. Even though partial dissolution and particle for-
mation were also observed in formulation F0 without surfactants, it
could be assumed that in absence of surfactants the polymer and drug
did not dissolve congruently. Therefore, the composition of the formed
particles is, probably, not the same as of the ASD [17]. This could
eventually lead to a surplus of drug that is no longer stabilized in its
amorphous form by the polymer, which results in recrystallization. In
addition, surfactants aid in maintenance of a temporary super-
saturation.

Looking at the role of the individual surfactants on dissolution be-
haviour, it is interesting to note that there were no correlations found
between dissolution profile characteristics (section 3.2.13) and the ratio
of the sucrose palmitate and polysorbate 80. We hypothesize that the
two surfactants independently enhance dissolution properties based on
different mechanisms (Fig. 6, C). This could allow for specific control of
the formulation behavior by choosing specific surfactant contents in the
ASD. The independency is underlined when looking at the identified

correlations. The strongest correlation was found between the content
of sucrose palmitate and the equilibrium concentration ceq. It therefore
can be hypothesized that sucrose palmitate is essential to stabilize
efavirenz in the form of drug-rich particles in this equilibrium. Poly-
sorbate 80 was found to increase time to re-crystallization tc, therefore
prolonging drug solubilization. In addition, polysorbate 80 increases
the time to supersaturation tsup. As there was no significant correlation
with the area under the curve of supersaturation and polysorbate 80, its
effect on total dissolved drug exposure might not be significant. Cor-
relations of the total amount of surfactants are in line with the corre-
sponding individual. The absence of a correlation of total surfactants
and cmax demonstrates that surfactants mainly influence the equilibrium
concentration and not the maximal concentration.

It can be hypothesized that sucrose palmitate mainly influences the
equilibrium concentration ceq, while polysorbate 80 instead influences
the dissolution kinetics of the system (Fig. 6, C). With respect to phy-
sicochemical properties of the two surfactants, polysorbate 80 is well
soluble in water (100 mg/ml) with a hydrophilic-lipophilic balance
(HLB) value of 15 [65], while sucrose palmitate is much less soluble in
water (poorly soluble) [66] having the same HLB value of 15 [67].
From the difference in solubility it could be assumed, that sucrose
palmitate has a higher affinity to efavirenz and therefore might be the
first interaction partner. This could explain the stabilizing effects of
sucrose palmitate on the equilibrium concentration. In contrast, poly-
sorbate 80 is more likely to interact also with water, therefore enabling
but also controlling dissolution kinetics and drug-rich particle stability.
While we can hypothesize on the physicochemical nature for the

Fig. 6. Schematic illustration of the dissolution of and particle formation from ASDs. Description of in vitro and in vivo insights based on the impact of surfactants.
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observed impact on dissolution behavior by the surfactants, more de-
tailed studies would be necessary to prove these ideas experimentally.
The comparison of formulation F0 and F40 in dissolution testing with
biorelevant media showed comparable release profiles for both for-
mulations, indicating a sufficient increase in the solubility of the drug in
presence of bile salts to maintain sink conditions. Despite the use of
biorelevant media helps to predict the in vivo behavior from in vitro
results in some cases, the use of non-sink conditions allows for a better
observation of supersaturation phenomena. Acid-buffer stage dissolu-
tion experiments were not performed, as due to the poor solubility of
the polymer at low pH. Effect of surfactants In Vivo.

Bioavailability studies in rats delivered contrary results than ex-
pected from in vitro experiments. Especially formulation F0 showed
only a marginal absorption of efavirenz into the systemic circulation
(Fig. 6, B). The addition of surfactants enhanced bioavailability even at
higher drug loading, however, did not reach the level of the physical
mixture (formulation F0) and the marketed formulation. Besides the
effect of the surfactants, also the slightly different base polymers
(HPCMP HP50 in formulation F40 in contrast to HP55 in Formulation
F0), could have improved the performance of the formulation as with
HPMCP HP50 already dissolves at a lower pH. However, as the two
polymers dissolve at pH of 5.0 (HPMCP HP50) or pH 5.5 (HPMCP
HP55) [29,30], i.e., at pH-values lower than those in dissolution tests or
as it would be expected in the intestine, the impact of this difference in
polymer structures is estimated as negligible.

More detailed analysis of pharmacokinetic results by PBPK para-
meter identification was performed to simulate in vivo dissolution based
the measured pharmacokinetics. This analysis gives more information
on the critical, dynamic dissolution step in vivo compared to standard
pharmacokinetic analysis of static parameters such as relative bioa-
vailability, tmax, or cmax. At the same time, it is important to mention,
that these dissolution curves are an indirect simulations based on a
complex model, where a risk of a significant error is high. As expected,
the predissolved formulation F0 showed the fastest simulated in vivo
release, indicating fast initial uptake form drug-rich particles. The
physical mix of formulation F0 and the marketed formulation yielded
similar results, with a slightly faster release of the marketed formula-
tion, probably due to sodium lauryl sulfate in the formulation. An ad-
dition of surfactants (in the formulation F40 compared to formulation
F0) resulted in a manifold release, however still incomplete (Fig. 6, D).
It is interesting to note, that release from formulation F40 was initially
fast, but then levelled off in an early stage. A possible reason could be
recrystallization of efavirenz, as is was observed in vitro for formulation
F0.

Comparing our results with the literature, in vivo results are in line
with the results of Miao et al. [27]: Using a comparable polymer (hy-
droxypropyl methylcellulose acetate succinate, HPMCP-AS), no favor-
able effect on bioavailability was measured in in vivo in contrast to the
expected positive effect based on in vitro results. In this study, the fa-
vorable bioavailability also measured for the predissolved formulation
F0 indicates that the dissolution step from solid ASD to the drug-rich
particles might be the critical step in the cascade of in vivo bioavail-
ability. The uptake of drug from the drug-rich particles seems not to be
the limiting factor. This validates the possibility of drug delivery by the
observed particles, provided that there in vivo dissolution is sufficiently
fast. Furthermore, Frank et al. [20], showed that a similar combination
of surfactants was identified as favorable, despite using a different
polymer (PVP/VA 64) and API (ABT-102). It might be worthwhile to
investigate if the combination of these surfactants could act as a solu-
bility enhancer for other base polymers and other APIs. As in vivo results
were controversial to this in vitro finding, more research will be needed
to estimate the potential of HPMCP, also in combinations with surfac-
tants, for use in ASD.

Bioavailability experiments in rats can show valuable within-species
difference between formulations and are a useful extension of in vitro
methods. However, a direct correlation in animal and human

bioavailability is not given [68,69], also due to physiological differ-
ences in pH, volumes, transition times, etc. [70–74]. A study in humans
using sub-therapeutic doses of formulation F40 was approved by Swiss
authorities and will be conducted to elucidate the behavior of the for-
mulation directly in humans (clinical trial registered under
NCT03886766). Before having human data, it remains an open question
if the promising in vitro results or the unfavorable in vivo results will be
more predictive for formulations design in humans.

5. Conclusion

It was possible to produce amorphous solid dispersions (ASD) using
HPMCP as a base polymer and to effect in vitro and in vivo performance
of the ASD by the addition of the surfactants sucrose palmitate and
polysorbate 80. In vitro results indicated an improvement of the dis-
solution compared to pure efavirenz or the marketed formulation and
showed effects on the drug-rich particle formed in situ upon dissolution.
Based on mechanistic analysis, we hypothesize that the two surfactants
serve independent purposes with respect to the dissolution profile. In
vivo results (rats) support a positive effect of the addition of surfactants
on the performance of the formulation has been shown. Results of in
vivo analysis indicated that limiting step in bioavailability seems to be
the formation of particles in the intestinal lumen from the ASD.
Hindrance of drug absorption from the formed particles was not de-
tected.

Methods like mathematical modeling of dissolution data, molecular
dynamics (MD) simulations, physiologically based pharmacokinetic
modeling (PBPK) and cryo-TEM imaging can deliver valuable insights
into complex mechanisms that govern dissolution, the formation of
drug-rich particles, and in vivo behavior of ASDs. Based on the results in
this study, we hypothesize that surfactants can be used to fine-tune the
dissolution behavior and particle formation from ASDs and therefore
further enhance bioavailability. Further mechanistic investigations in
vitro, in vivo and in humans are necessary to strengthen these insights,
prove our hypothesis in sufficient details, and to further advance ASD as
drug delivery platform for poorly soluble drug substances, especially
with respect to admixed surfactants.
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Supplement 
Hot-Melt Extrusion Production Settings 

Table 3 Extrusion settings (for formulations F7-41, others with minor deviations). 

Setting Value 

Screw speed 75 rpm 

Feed rate (calibrated) 0.5 % corresponding to 0.75 g/min 

Temperature Zone 1 (closest to the entry) Not heated 

Temperature Zone 2 140°C 

Temperature Zone 3 140°C 

Temperature Zone 4 140°C 

Temperature Zone 5 (closest to exit) 150°C 

Produced Formulations 

Table 4 Produced formulations containing additional polymers. The nominal drug load of 
efavirenz was 33.3%. 

Formulation Additional polymers 

Weight fraction 
HPMCP HP 50 [%] 

Additional polymer Weight fraction additional 
polymer [%] 

F1 90 PEG 6000 10 

F2 85 PEG 6000 15 

F3 80 PEG 6000 20 

F4 70 PEG 6000 30 

F5 90 Soluplus 10 

F6 85 Soluplus 15 

F7 90 Kollicoat IR 10 

F8 85 Kollicoat IR 15 

F9 80 Kollicoat IR 20 

F10 90 PEO MW 100.000 10 

F11 85 PEO MW 100.000 15 
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Table 5 Produced formulations containing additional surfactants. 

Formulation Additional surfactant Additional surfactant [w/w 
%] 

Nominal drug load 
[w/w %] 

F12 Polysorbate 80 - 33.3 

F14 Polysorbate 80 10 30.3 

F15 Polysorbate 80 5 31.7 

F16 Polysorbate 80 2.5 32.5 

F17 Polysorbate 80 1.25 32.8 

F18 Sucrose Palmitate 10 30.3 

F19 Mix 1a 2.5 32.5 

F20 Mix 1a 5 31.7 

F21 Mix 1a 1.25 32.8 

F13 Kolliphor EL - 33.3 

F22 Kolliphor EL 10 30.3 

F23 Kolliphor EL 5 31.7 

F24 Kolliphor EL 20 27.8 

F25 Kolliphor EL 15 28.9 

F26 Kolliphor EL 2.5 32.5 

F27 Mix 2b 10 30.3 

F28 Mix 2b 5 31.7 

F29 Mix 2b 2.5 32.5 

F30 Mix 2b 1.25 32.8 
a Mix 1 consisting of polysorbate to Kolliphor EL ratio 1:1. 
b Mix 2 consisting of Kolliphor EL, polysorbate 80, ethyldiglycol, and Kolliphor TPGS 
ratio 5:5:5:1. 

Table 6 Produced formulations other than in Table 1 during optimization screening. 
Formulations contained additional surfactants sucrose palmitate, polysorbate 80 or 
ethyldiglycol. 

Formulation Polymer Added fraction 
of sucrose 
palmitate in 
solid feed 
[w/w%] 

Added 
surfactants 
in liquid 
feed 

Added 
fraction of 
surfactants 
in liquid feed 
[w/w %] 

Nominal 
drug load 
[w/w %] 

F32 HPMCP HP55 10 Mix 3c 5 28.9 

F33 HPMCP HP55 10 Mix 3c 2.5 29.3 

F35 HPMCP HP55 10 Tween 80 10 27.8 

F41 HPMCP HP55 5 Tween 80 10 28.9 
c Mix 3 consisting of polysorbate 80 and ethyldiglycol ratio 2:1. 
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Details on Administered Formulations 

Table 7 Formulations used in rat pharmacokinetic experiments. 
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e 
[µ

m
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n 

F0 Investiga-
tional 

Efavirenz 
HPMCP HP55 

HME 10 Suspended in 
water, 1 ml 

90 2 

F0, 
dissolved 

Investiga-
tional 

Efavirenz 
HPMCP HP55 

HME 10 Dissolved in buffer 
at pH 7, 10 ml/kg 

- 3

F40 Investiga-
tional 

Efavirenz 
HPMCP HP50 
Sucrose 
palmitate 
Polysorbate 80 

HME 10 Suspended in 
water, 0.1% 
polysorbate 20, 
1 ml 

90 4 

Stocrin Marketed 
formulation 

Efavirenz 
Additives 

- 10 Suspended in
water, 0.1% 
polysorbate 20, 1 
ml 

90 3 

i.v.
formulation

Investigatio
nal 
Reference 

Efavirenz 
PEG 200 
DMSO 
Saline 0.9% 

Liquid, 
sterile 

5 0.9% NaCl, 
PEG400, DMSO 

- 3

F0, 
physical 
mixture 

Investigatio
nal 
Reference 

Efavirenz 
HPMCP HP55 

Blending 10 Suspended in 
water, 0.1% 
polysorbate 20, 
1 ml 

125 3 

Mass Spectrometry Method Details 

Table 8 Mass spectrometry method settings. 

Setting Value 

Method duration 5.5 min 

Transition efavirenz 313.973 → 69.000 Da 

Transition efavirenz deuterated 317.951 → 247.900 Da 

Ion spray voltage -4200 V

Source temperature 700°C
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Mechanistic Dissolution Data Fitting Details 

A graphical representation of the compartments and rate constants is provided in 
Figure 7. 

Figure 7 Schematic illustration of the piecewise system of ordinary differential equations 
(ODE) used for fitting measured dissolution data. A different system of ODE was used 
for times t shorter or larger than the time of crystallization tc. 

The parameters kdiss, kcrys, krdiss, d, and tc of the solution of the piecewise system of 
ODE were fitted with the following constraints. In first step, suited starting parameters 
were found by fitting the dissolution data in additional point resulting from linear 
interpolation between the measured points (step size 4 min) by the Mathematica function 
“NonlinearModelFit” using the numerical method “NMinimize”. In a second step, original 
dissolution data were fitted with the method “Automatic” using the same Mathematica 
function and the starting values from the first fitting. Individual data points were weighted 
according to their inverse value of the squared standard deviation.

Solving eq. 2 resulted in the following expression for c(t): 

 (3)𝑐𝑐(𝑡𝑡) = �
𝑑𝑑 𝑒𝑒−𝑘𝑘𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑 𝑡𝑡 (𝑒𝑒𝑘𝑘𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑 𝑡𝑡 − 1), 0 < 𝑡𝑡 < 𝑡𝑡𝑐𝑐

𝑑𝑑 𝑒𝑒−𝑘𝑘𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑 𝑡𝑡 − 𝑘𝑘𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑 𝑡𝑡𝑐𝑐 − �−𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑−𝑘𝑘𝑐𝑐𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑� 𝑡𝑡𝑐𝑐  𝐴𝐴
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 , 𝑡𝑡 > 𝑡𝑡𝑐𝑐

 

where A is defined as 

(4) 𝐴𝐴=−𝑒𝑒𝑘𝑘𝑑𝑑𝑑𝑑𝑖𝑖𝑑𝑑 𝑡𝑡 + �−𝑘𝑘𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐 −𝑘𝑘𝑑𝑑𝑑𝑑𝑖𝑖𝑑𝑑𝑐𝑐� 𝑡𝑡 𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐
2+𝑒𝑒𝑘𝑘𝑑𝑑𝑑𝑑𝑖𝑖𝑑𝑑 𝑡𝑡 + �−𝑘𝑘𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐 −𝑘𝑘𝑑𝑑𝑑𝑑𝑖𝑖𝑑𝑑𝑐𝑐� 𝑡𝑡 +𝑘𝑘𝑑𝑑𝑑𝑑𝑖𝑖𝑑𝑑 𝑡𝑡𝑐𝑐 𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐

2−

𝑒𝑒𝑘𝑘𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑 𝑡𝑡 + �−𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑 −𝑘𝑘𝑐𝑐𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑� 𝑡𝑡 +𝑘𝑘𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑 𝑡𝑡𝑐𝑐  𝑘𝑘𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠 𝑘𝑘𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠 + 𝑒𝑒𝑘𝑘𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑 𝑡𝑡𝑐𝑐 + �𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑 −𝑘𝑘𝑐𝑐𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑� 𝑡𝑡𝑐𝑐  𝑘𝑘𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠 𝑘𝑘𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠 −

 𝑒𝑒𝑘𝑘𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑 𝑡𝑡 + �− 𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑 −𝑘𝑘𝑐𝑐𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑� 𝑡𝑡 𝑘𝑘𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠 𝑘𝑘𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠 + 𝑒𝑒𝑘𝑘𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑 𝑡𝑡 + �− 𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑 −𝑘𝑘𝑐𝑐𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑� 𝑡𝑡 +𝑘𝑘𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑 𝑡𝑡𝑐𝑐  𝑘𝑘𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠 𝑘𝑘𝑠𝑠𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠 −

 𝑒𝑒𝑘𝑘𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑 𝑡𝑡𝑐𝑐 + �− 𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑 −𝑘𝑘𝑐𝑐𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑� 𝑡𝑡𝑐𝑐  𝑘𝑘𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠 𝑘𝑘𝑠𝑠𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠 +

 𝑒𝑒𝑘𝑘𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑 𝑡𝑡  + 𝑘𝑘𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑 𝑡𝑡𝑐𝑐 + �− 𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑 −𝑘𝑘𝑐𝑐𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑� 𝑡𝑡𝑐𝑐  𝑘𝑘𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠 𝑘𝑘𝑠𝑠𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠 +

 𝑒𝑒𝑘𝑘𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑 𝑡𝑡𝑐𝑐  + �− 𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑 −𝑘𝑘𝑐𝑐𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑� 𝑡𝑡𝑐𝑐  𝑘𝑘𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠 𝑘𝑘𝑠𝑠𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠 −  𝑒𝑒𝑘𝑘𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑 𝑡𝑡 + 𝑘𝑘𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑 𝑡𝑡𝑐𝑐 + (− 𝑘𝑘𝑐𝑐𝑐𝑐𝑖𝑖𝑑𝑑 −𝑘𝑘𝑐𝑐𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑) 𝑡𝑡𝑐𝑐  𝑘𝑘𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠 𝑘𝑘𝑠𝑠𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠 −

 𝑒𝑒𝑘𝑘𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑 𝑡𝑡𝑐𝑐 + �− 𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑 −𝑘𝑘𝑐𝑐𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑� 𝑡𝑡𝑐𝑐  𝑘𝑘𝑠𝑠𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠2 + 𝑒𝑒𝑘𝑘𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑 𝑡𝑡+ 𝑘𝑘𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑 𝑡𝑡𝑐𝑐+ �− 𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑 −𝑘𝑘𝑐𝑐𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑� 𝑡𝑡𝑐𝑐  𝑘𝑘𝑠𝑠𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠2



3.3 The Impact of Excipients on ASDs 

88 

Physiologically Based Pharmacokinetic Modeling Results 

Table 9 PBPK Model parameters. 

Parameter Set value Fitting 
result 

Fitting start 
value 

Fitting 
Range 

Source 

Intestinal 
Solubility (FaSSIF, 
human) 

0.194 
mg/ml 

[75] 

Fraction unbound 
(rat) 

0.58 % [76] 

Plasma Clearance 10.11 
ml/min/kg 

10.43 
ml/min/kg 

0 - 1000 
ml/min/kg 

a 

Entero-hepatic 
plasma clearance 

16.81 
ml/min/kg 

0 ml/min/kg 0 - 1000 
ml/min/kg 

Permeability 9.15 E-
3cm/min 

0.01 cm/min 8 E-3 – 
0.012 
cm/min 

b 

Lipophilicity 4.45 Log 
Units 

4.54 Log 
Units 

3.63-5.45 
Log Units 

c

Specific intestinal 
permeability 

4.5 cm/s 4.89 cm/s 3.91-5.87 
cm/s 

b 

Weibull dissolution 
shape 

d 1 1 E-5 - 10 

Weibull dissolution 
time 

d 20 1 E-5 - 1440 
min 

Dose d 10 mg/kg 0 - 50 
mg/kg 

a From the non-compartmental analysis of i.v. pharmacokinetic rat data 
b Calculated from lipophilicity (compare to c) within PK-Sim 
c Membrane partition coefficient calculated from Linear Solvation Energy Relationship 
(LSER) descriptors [77,78] 
d Detailed results are listed in Table 10 

Table 10 Fitting results for p.o. PBPK simulated in vivo dissolution Weibull functions. 

Formulation Dissolution Shape [ ] Dissolution time (50%) 
Time [min] 

Dose [mg/kg] 

F0 0.59 1440.00 0.46 

F0, predissolved 0.26 1.36 4.53 

F0, physical mixture 0.68 110.41 3.45 

F40 1.40 281.18 0.59 

Marketed 0.43 23.16 3.82 
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Molecular Dynamics Results 

Table 11 Surfaces of the molecular ensemble (excluding water) in MD simulations. In 
scenario I, molecules were arranged randomly, solvated and simulated (dissolved). In 
scenario II, the randomly molecules were first condensed into particle by a short MD 
simulation, then solvated and simulated. Both scenarios were carried out with and without 
surfactants (sucrose palmitate and polylobate 80). 

 Dissolved (scenario I) Particle (scenario II) 

 w/o surfactants with 
surfactants 

w/o surfactants with 
surfactants 

Time [ns] 0 20 50 0 20 0 20 0 20 

Total Area 
[Å2] 

143369 125814 102369 167640 141543 89829 99859 10231
6 

107023 

Change 0 → 
20 ns [%] 

- -12.2 - - -15.6 - 11.2 - 4.6 

Change 0 → 
50 ns [%] 

- - -28.6 - - - - - - 

In Vivo Pharmacokinetic Results 

Figure 8 shows the times of maximal concentration and maximal concentrations for 
the different formulations evaluated in rats. 

 

Figure 8 Time of maximal concentration tmax (A), maximal concentration (B), and AUC 
(C) of pharmacokinetic experiments: Formulation F0 (n=2), predissolved formulation F0 
(n=3), formulation F40 (n=4), physical mixture (n=3), and the marketed formulation 
(n=3) obtained from non-compartmental pharmacokinetic analysis. 
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Solid state characterization 

XRPD analysis of Formulation F0 and F40 showed that both formulations were in 
an amorphous state, as only the halo of amorphous material was detected. Results are 
shown in Figure 9. 

Figure 9 X-ray powder diffractograms of formulation F0 and F40. In addition, the 
reference of pure efavirenz is shown. 

Figure 10 Cryo-TEM images of formuations F37 (A), F31 (B) and F39 (C) by cryogenic 
electron microscopy. The particle morphology is similar to those seen for formulations F0 
and F40. 
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3.4 Clinical Mechanistic Evaluation of ASDs in Humans 

Preliminary research paper draft 

Effects of Particle Forming Amorphous Solid Dispersions on 
Bioavailability: A Mechanistic Study in Humans 

A. Schittny1,2, S. Waldner1, U. Duthaler2, F. Pfefferkorn2, Tim Bühler2, Tanja Grandinetti2

A. Vorobyev3, R. Abramovich3, S. Krähenbühl2, J. Huwyler1, M. Puchkov1

1Division of Pharmaceutical Technology, Department of Pharmaceutical Sciences, University of 
Basel, Switzerland 
2Division of Clinical Pharmacology and Toxicology, Department of Biomedicine, University Hospital 
Basel and University of Basel, Switzerland 
3Shared Research and Education Center, People’s Friendship University of Russia, Moscow, Russia 

Ongoing clinical trial. In the following, a publication draft is presented, which is prone to 
changes upon completion of the study. The clinical study protocol, as well as the approval 
of the ethics committee, is provided in the appendix (p. 121). Upon completion of the trial, 
a publication is anticipated. 

Highlights 

Beneficial effects of ASDs on bioavailability have been proven also in clinical trials. 
However, underlying mechanisms in humans are not investigated in detail. This missing 
understanding limits rational and translational approaches in the development of ASDs. In 
this study, the impact of ASDs on the bioavailability in humans was investigated in a 
prospective, 3-phase crossover study, with the following interventions: 

i. Ingestion of a capsule of 50 mg efavirenz ASD with 500 ml buffer
ii. Ingestion of 50 mg efavirenz ASD, pre-dissolved to drug-rich particles in 500

ml buffer
iii. Ingestion of 3 mg pure efavirenz solution in 500 ml buffer

Based on resulting pharmacokinetic profiles, this study design allows for the analysis 
of the behavior of the ASD in humans, aiming to mechanistically investigate the functioning 
of ASDs in humans and to validate translational approaches in ASD development.
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Abstract 

Results pending. 

Key words: Amorphous solid dispersions, bioavailability, poorly soluble drugs, 
humans 

1 Introduction 

Low oral bioavailability is a recurrent reason for drop-outs of poorly soluble drug 
candidates in drug development [1,2]. Therefore, reliable drug delivery systems (DDS) that 
can increase bioavailability are of great interest. A promising delivery system are amorphous 
solid dispersions (ASDs) [3]. In these systems, the active pharmaceutical ingredient (API) 
is delivered in the amorphous state, stabilized by a solid polymer matrix [4]. 

While it has been shown that the use of ASDs in oral drug delivery overall can 
significantly increase the bioavailability of different APIs in humans [5], also negative 
in vivo examples have been reported [6]. Based on mechanistic investigations, it was 
proposed that increased bioavailability results mainly from a temporary increased 
concentration of molecularly dissolved drug (true supersaturation), by which the 
physicochemical limitations of poorly soluble APIs can be overcome [7]. The maximal 
supersaturation concentration thereby is the amorphous solubility, above which amorphous 
liquid phase separation (ALPS) occurs, forming drug-rich particles [8]. Polymers can 
stabilize the supersaturated state [9], but also potentially reduce the concentration of 
molecularly dissolved API in favor of drug accumulation in the drug-rich phase [10]. 

Most of the investigations on the effects of ASDs in drug behavior were performed 
in vitro and in vivo. Clinical trials on ASDs were mainly performed in the frame of 
commercial drug development, aiming to validate the formulation approach and without 
contributing mechanistic insights. Only a few clinical studies also investigated mechanistic 
aspects of increased bioavailability. One example is the study by Polster et al. [11]: Clinical 
investigation on an ASD formulation of the compound LY2300599 showed an enhanced 
performance of the ASD formulation compared to a conventional formulation. In an 
artificial stomach-duodenum model, the authors characterized the mechanism of increased 
bioavailability into three steps: Rapid supersaturation in the stomach, precipitation in the 
stomach into an amorphous solid, and redissolution of the amorphous solid in the 
duodenum, leading to supersaturated drug concentration compared to the crystalline drug. 
A unique role was thereby contributed to the excipient meglumine. Othmann et al. [12] 
compared two ASD formulations (hot-melt extruded or spray-dried) of the compound ABT-
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102 to the solution of the API, each under fasting and non-fasting conditions. Both 
formulations showed a significantly higher bioavailability than the solution. The melt-
extruded formulation showed no food effects, in contrast to the spray-dried formulation. 
Also Angi et al. [13] observed a significant food effect with respect to the maximum plasma 
concentration in an ASD formulation of celecoxib. However, the impact of food on the time 
of maximum concentration was nearly eliminated, due to the formation of a plateau on the 
pharmacokinetic profile. 

Despite the research effort in the last decades and numerous investigations on 
mechanisms of increased bioavailability in vitro and in vivo, these mechanisms are not 
understood in detail [5,7,14,15]. Furthermore, the translation from preclinical results to 
outcome in humans has not been validated [16]. 

In this study, we aim to mechanistically investigate the effect of amorphous solid 
dispersion and thereof forming drug-rich particles on bioavailability in humans. To our 
knowledge, there is currently no data available providing such mechanistic insights. We do 
so using a model ASD formulation of efavirenz, composed of the polymer hydroxypropyl 
methylcellulose phthalate (HPMCP) and the additional excipients sucrose palmitate and 
polysorbate 80. This formulation was already investigated in silico, in vitro, and in vivo by 
our research group [XX], allowing to conclude also on translational aspects. 

2 Methods 
2.1 Regulatory and ethical aspects 

The clinical trial was conducted under Swiss law (Swiss license number 
SNCTP000003251, registered in the WHO recognized register under NCT03886766) and 
according to Good Clinical Practice (GCP) guidelines. Clinical samples were produced 
according to Good Manufacturing Practice (GMP) standards. The study was monitored by 
the Clinical Trial Unit of the Department of Clinical Research of the University of Basel. 

2.2 Study population and design 

The study population were 16 healthy male volunteers between 18 and 50 years old. 
Exclusion criteria were the regular intake of concomitant medications two weeks before or 
during the study (exceptions without interaction potential with efavirenz could be granted 
by the investigator), smoking, and alcohol drinking. 
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The study was designed as a single-center randomized 3-period cross-over study. 
Every subject ingested three different study products as a single dose (refer to section 2.3). 
Study products were not blinded (open-label). To standardize for food effects, subjects 
fasted overnight before product intake until 4 hours post-dose, standardized meals were 
then offered (voluntary consumption) at specified times post-dose. Between the study 
interventions, a washout period of 14 to 22 days was guaranteed. 

2.3 Intervention and study products 

To assure patient safety, a micro-dosing approach was chosen (3 or 50 mg of 
efavirenz). Subjects ingested three different study products in randomized order (1-2-3, 2-
3-1, or 3-1-2):

 Intervention 1 Amorphous solid dispersion of efavirenz (50 mg) as a capsule
with 500 ml buffer solution (see below),

 Intervention 2 Dissolved amorphous solid dispersion of efavirenz (50 mg),
pre-dissolved in 500 ml buffer solution (see below), resulting in drug-rich
particles, and

 Intervention 3 Efavirenz (3 mg) solution in 500 ml buffer solution (see
below).

The buffer solution consisted of 10 ml of a medical sodium phosphate solution 
(Colophos®) added to 490 ml drinking water (from the tap) resulting in a solution with a 
pH of 6.3 and 6.62 mg/ml phosphates. Amorphous solid dispersions were prepared by hot-
melt extrusion (for details refer to the appendix, section 8).  

2.4 Study assessments and outcomes 

Blood samples were taken at -0.25, 0.25, 0.5, 0.75, 1, 2, 3, 4, 6, 8, 12, 24, 48, and 72 
hours post-dose the efavirenz plasma level was analyzed (refer to section 2.5). Primary 
study outcomes were pharmacokinetic profiles (plasma concentration - time curves) of 
efavirenz resulting from the three different study interventions within the same subject. 
These profiles were used for further pharmacokinetic analysis and modeling. 
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2.5 Bioanalysis 

To analyze the plasma samples, a previously described liquid chromatography 
coupled tandem mass spectrometry (LC-MS/MS) method was used [17]. For 
chromatographic separation, a Shimadzu HPLC system (Shimadzu AG, Reinach, 
Switzerland) was used, for quantification a triple quadrupole tandem mass spectrometer 
(API4000, AB/MDS Sciex, Concord, Canada), operating in negative electrospray ionization 
mode. 

2.6 Pharmacokinetic analysis and modeling 

The area under the curve AUC0-t, relative bioavailability F, maximum concentration 
cmax, and the time of maximum concentration tmax were retrieved from standard non-
compartmental analysis. The absorption constant ka was obtained from a one-
compartmental fitting. Pharmacokinetic analysis was performed using Phoenix WinNonlin 
(Certara L.P, Princeton, United States). 

A physiologically based pharmacokinetic (PBPK) model was established based on 
parameters achieved from Ke et al. [18] and Roberts et al. [19] using the open-source PBPK 
software PK-Sim Version 7.3.0 (Open Systems Pharmacology). The model was calibrated 
using the pharmacokinetic results of the pure efavirenz solution (Intervention 3). Values 
used in PBPK modeling are summarized in Table X. 

Based on pharmacokinetic results, the in vivo dissolution of the ASD to drug-rich 
particles was obtained by deconvoluting the plasma concentration - time curve resulting 
from and intervention 2 (pre-dissolved ASD) and intervention 1 (solid ASD). This numeric 
operation was performed in Mathematica 11.3 (Wolfram, Oxfordshire, United Kingdom). 

2.7 Statistical analysis 

Pharmacokinetic parameters retrieved from the different study interventions were 
compared in a one-way repeated measures ANOVA analysis at a 95% confidence interval 
using a post-analysis Tukey test [20] while testing for an equal variance by Levene [21]. 
Pharmacokinetic parameters of study interventions were also compared to existing data of 
the marketed efavirenz formulation (Stocrin®) using the same statistical methods. The 
analysis was performed in Origin Pro 2016 Version b9.3.226 (Origin Lab Corporation, 
Northampton, USA). 
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3 Results 
3.1 Pharmacokinetic Analysis 

Results pending. 

3.2 Pharmacokinetic Modeling 

Results pending. 

3.3 Further outcomes 

E.g. safety data. Results pending. 

4 Discussion 
4.1 Study design 

For the analysis of study results, the bioavailability mechanisms of the model drug, 
promoted by the ASD drug delivery system, was conceptualized into three different 
subsequent phases (Figure 1): 

i. The dissolution from solid ASD into the dissolved state of the ASD, composed 
mainly of drug-rich particles. 

ii. Drug liberation from the dissolved state of the ASD to molecularly dissolved 
drug. 

iii. Uptake of the molecularly dissolved drug. 
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Figure 1 Conceptualized uptake of API from ASDs. The solid ASD dissolves into drug-
rich particles (i.e, the dissolved state, referred to as drug-rich particles composed of drug, 
polymer, and surfactants), from which molecularly dissolved drug is liberated and 
absorbed.  

By administrating the ASD in different forms (corresponding to study intervention 
1 to 3), each representing one of the three conceptual stages, the transition between these 
steps can be analyzed based on the measured plasma concentration - time profiles. The 
following conclusions can be drawn: 

 In vivo dissolution from solid ASD into the dissolved state of the ASD, 
composed mainly of drug-rich particles 

 Influence of the drug-rich particles on the uptake of the drug 

As the formation of the drug-rich particles is concentration-dependent and the 
aqueous solubility of efavirenz is limited, it is not possible to use the same doses for all 
interventions. Even though pharmacokinetic linearity is strongly assumed for the used doses 
based on linearly at higher doses [22–24], this has yet to be confirmed by these study results. 

A limitation in the study design is that conceptual phases and the derived 
interventions might be oversimplified. However, they can be the first step towards a better 
mechanistic understanding. Furthermore, study intervention 2, the amorphous solid 
dispersion pre-dissolved in buffer, will be exposed to the acid in the stomach, which has a 
morphologic effect on the formed particles. However, this was shown to be reversible after 
an increase in pH (in the duodenum) according to in vitro and in vivo results. Finally, as 
the intra- and inter-participants variabilities for different parameters are unknown for our 
study setting, only an estimation of the sample size is possible. 

2. Amorphous solid dispersion,
Pre-dissolved to particles

1. Amorphous solid dispersion 3. Drug solution

Blood
Lumen
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4.2 Mechanisms of increased bioavailability in humans 

Results pending. 

4.3 Translational aspects 

Results pending. 

4.4 Comparison to marketed formulation 

Results pending. 

5 Conclusion 

Results pending. 

6 Acknowledgment 

We would like to thank the study team especially Joyce Santos de Jesus and Claudia 
Bläsi as well as Tiziano Bloch, Alessia Gisi, and Fabienne Baur. We would like to thank 
Beatrice Vetter for support with analytics.  

7 References 

[1] R. Lipp, The Innovator Pipeline: Bioavailability Challenges and Advanced Oral Drug Delivery
Opportunities, 16 (2013). http://www.americanpharmaceuticalreview.com/Featured-
Articles/135982-The-Innovator-Pipeline-Bioavailability-Challenges-and-Advanced-Oral-Drug-
Delivery-Opportunities/ (accessed April 4, 2019).

[2] M.J. Waring, J. Arrowsmith, A.R. Leach, P.D. Leeson, S. Mandrell, R.M. Owen, G.
Pairaudeau, W.D. Pennie, S.D. Pickett, J. Wang, O. Wallace, A. Weir, An analysis of the
attrition of drug candidates from four major pharmaceutical companies, Nat. Rev. Drug
Discov. 14 (2015) 475–486. doi:10.1038/nrd4609.

[3] B.E. Padden, J.M.M. Miller, T. Robbins, P.D. Zocharski, L. Prasad, J.K. Spence, J.
LaFountaine, Amorphous Solid Dispersions as Enabling Formulations for Discovery and Early
Development, (2011). http://www.americanpharmaceuticalreview.com/Featured-



3 Results 

99 

Articles/37035-Amorphous-Solid-Dispersions-as-Enabling-Formulations-for-Discovery-and-
Early-Development/ (accessed September 10, 2019). 

[4] Y. Huang, W.-G. Dai, Fundamental aspects of solid dispersion technology for poorly soluble 
drugs, Acta Pharm. Sin. B. 4 (2014) 18–25. doi:10.1016/j.apsb.2013.11.001. 

[5] S.Y.K. Fong, A. Bauer-Brandl, M. Brandl, Oral bioavailability enhancement through 
supersaturation: an update and meta-analysis, Expert Opin. Drug Deliv. 14 (2017) 403–426. 
doi:10.1080/17425247.2016.1218465. 

[6] A. Newman, G. Knipp, G. Zografi, Assessing the performance of amorphous solid dispersions, 
J. Pharm. Sci. 101 (2012) 1355–1377. doi:10.1002/jps.23031. 

[7] S. Baghel, H. Cathcart, N.J. O’Reilly, Polymeric Amorphous Solid Dispersions: A Review of 
Amorphization, Crystallization, Stabilization, Solid-State Characterization, and Aqueous 
Solubilization of Biopharmaceutical Classification System Class II Drugs, J. Pharm. Sci. 105 
(2016) 2527–2544. doi:10.1016/j.xphs.2015.10.008. 

[8] L.S. Taylor, G.G.Z. Zhang, Physical chemistry of supersaturated solutions and implications 
for oral absorption, Adv. Drug Deliv. Rev. 101 (2016) 122–142. doi:10.1016/j.addr.2016.03.006. 

[9] S.A. Raina, B.V. Eerdenbrugh, D.E. Alonzo, H. Mo, G.G.Z. Zhang, Y. Gao, L.S. Taylor, 
Trends in the precipitation and crystallization behavior of supersaturated aqueous solutions 
of poorly water-soluble drugs assessed using synchrotron radiation, J. Pharm. Sci. 104 (2015) 
1981–1992. doi:10.1002/jps.24423. 

[10] Li N., Taylor L.S., Tailoring supersaturation from amorphous solid dispersions, J. Controlled 
Release. 279 (2018) 114–125. doi:10.1016/j.jconrel.2018.04.014. 

[11] C.S. Polster, S.-J. Wu, I. Gueorguieva, D.C. Sperry, Mechanism for enhanced absorption of a 
solid dispersion formulation of LY2300559 using the artificial stomach duodenum model, Mol. 
Pharm. 12 (2015) 1131–1140. doi:10.1021/mp5006036. 

[12] A.A. Othman, H. Cheskin, C. Locke, W. Nothaft, S. Dutta, A Phase 1 Study to Evaluate the 
Bioavailability and Food Effect of 2 Solid-Dispersion Formulations of the TRPV1 Antagonist 
ABT-102, Relative to the Oral Solution Formulation, in Healthy Human Volunteers, Clin. 
Pharmacol. Drug Dev. 1 (2012) 24–31. doi:10.1177/2160763X11430860. 

[13] R. Angi, T. Solymosi, N. Erdősi, T. Jordán, B. Kárpáti, O. Basa-Dénes, A. Ujhelyi, J. 
McDermott, C. Roe, S. Mair, Z. Ötvös, L. Molnár, H. Glavinas, Preparation, Pre-clinical and 
Clinical Evaluation of a Novel Rapidly Absorbed Celecoxib Formulation, AAPS 
PharmSciTech. 20 (2019) 90. doi:10.1208/s12249-018-1270-2. 

[14] K. Park, Drug release mechanisms from amorphous solid dispersions, J. Controlled Release. 
211 (2015) 171. doi:10.1016/j.jconrel.2015.06.027. 

[15] I. Tho, B. Liepold, J. Rosenberg, M. Maegerlein, M. Brandl, G. Fricker, Formation of 
nano/micro-dispersions with improved dissolution properties upon dispersion of ritonavir melt 
extrudate in aqueous media, Eur. J. Pharm. Sci. 40 (2010) 25–32. 
doi:10.1016/j.ejps.2010.02.003. 

[16] K. Six, T. Daems, J. de Hoon, A. Van Hecken, M. Depre, M.-P. Bouche, P. Prinsen, G. 
Verreck, J. Peeters, M.E. Brewster, G. Van den Mooter, Clinical study of solid dispersions of 
itraconazole prepared by hot-stage extrusion, Eur. J. Pharm. Sci. 24 (2005) 179–186. 
doi:10.1016/j.ejps.2004.10.005. 

[17] M. Donzelli, A. Derungs, M.-G. Serratore, C. Noppen, L. Nezic, S. Krähenbühl, M. Haschke, 
The Basel Cocktail for Simultaneous Phenotyping of Human Cytochrome P450 Isoforms in 
Plasma, Saliva and Dried Blood Spots, Clin. Pharmacokinet. 53 (2014) 271–282. 
doi:10.1007/s40262-013-0115-0. 



3.4 Clinical Mechanistic Evaluation of ASDs in Humans 

100 

[18] A. Ke, Z. Barter, K. Rowland‐Yeo, L. Almond, Towards a Best Practice Approach in PBPK 
Modeling: Case Example of Developing a Unified Efavirenz Model Accounting for Induction 
of CYPs 3A4 and 2B6, CPT Pharmacomet. Syst. Pharmacol. 5 (2016) 367–376. 
doi:10.1002/psp4.12088. 

[19] O. Roberts, R.K.R. Rajoli, D.J. Back, A. Owen, K.M. Darin, C.V. Fletcher, M. Lamorde, K.K. 
Scarsi, M. Siccardi, Physiologically based pharmacokinetic modelling prediction of the effects 
of dose adjustment in drug–drug interactions between levonorgestrel contraceptive implants 
and efavirenz-based ART, J. Antimicrob. Chemother. 73 (2018) 1004–1012. 
doi:10.1093/jac/dkx515. 

[20] J.W. Tukey, Comparing Individual Means in the Analysis of Variance, Biometrics. 5 (1949) 
99–114. doi:10.2307/3001913. 

[21] H. Levene, Robust tests for equality of variances, in: Contrib. Probab. Stat. Essays Honor 
Harold Hotell., Stanford University Test, 1960: pp. 278–292. 

[22] S.K. Balani, L.R. Kauffman, F.A. deLuna, J.H. Lin, Nonlinear Pharmacokinetics of Efavirenz 
(DMP-266), a Potent HIV-1 Reverse Transcriptase Inhibitor, in Rats and Monkeys, Drug 
Metab. Dispos. 27 (1999) 41–45. 

[23] swissmedic, Product information - Stocrin, http://www.swissmedicinfo.ch/ (accessed October 
15, 2018). 

[24] EMA, Stocrin Approval - Scientific Discussion, (2004). 

8 Appendix: Production settings of hot-melt extrusion. 

This section specifies the production of the investigational products. Table 1 shows 
the composition of the ASD. Concerning hot-melt extrusion, Table 2 shows extrusion 
process settings and Table 3 the extruder setup. The downstream processing consisted of 
the milling of the extrudate, the sieving through a 180 µm sieve and the filling into gelatin 
capsules using mannitol and fumed silica as filler. 

Table 4 shows the analytical procedures of the final investigational product. The 
efavirenz solution was for each subject from a GMP-conform stock solution of 1 mg/ml 
efavirenz in ethanol. 

Table 1 Composition of the investigational ASD formulation and feeding mode into the 
hot-melt extruder. 

Solid compound Weight percent [%] Feeding 
Efavirenz 22 Solid 

HPMCP HP50 62 Solid 

Surfhope® SE D-1615 (sucrose palmitate) 13.5 Solid 

Tween® 80 (polysorbate) 2.5 Liquid 
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Table 2 Hot-melt extrusion settings for the production of the investigational ASD. 

Parameter Value 
Entry Zone Water cooling 

Zone 1 (closest to entry) 0°C (no heating) 

Zone 2 130°C 

Zone 3 140°C 

Zone 4 145°C 

Zone 5 (closest to exit) 150°C 

Screw speed 150 rpm 

Solid Feed rate Approx. 0.5 g/mina 

Liquid feed rate Approx. 12.5 mg/min = 11.63 µL/minb 
aCalibrated for every process 
bCalculated according to the solid feed according to weight percentages in the composition. 

Table 3 Hot-melt extruder setup for the production of the investigational ASD. 

Part Value 
Screw Standard, no kneading disks 

Die plate Standard, 1 mm 

Table 4 Analytics of the final investigational product. 

Test Method Specification 

Content HPLC According to Ph. Eur. 2.9.6. 

Content 
uniformity 

HPLC According to Ph. Eur. 2.9.40. 

Dissolution Paddle dissolution at 37°C, from 
powder corresponding to 50 mg 
Efavirenz, in 1 liter of phosphate 
buffer 0.05 M at pH = 6.8, HPLC 

At least 90% release after 20 
minutes, averaged from 6 probes 

Amorphous state XRPD Only marginal crystallinity peaks 
(in the opinion of the sponsor) 
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4 Discussion 

his chapter discusses the results of this thesis in the context of its aims. 
First, the individual projects are discussed regarding their methodology, 
overall outcomes and implication for the rational development of ASDs 

(section 4.1-4.4). Then, the model formulation used in this thesis is discussed (section 4.5). 
Finally, for a more detailed discussion of the individual sub-topics of this thesis, readers are 
asked to refer to the corresponding sections in the results (section 3). 

4.1 ASD Production 

In order to enable the rational design of the HME-process for the production of ASDs, 
the establishment of a link between process and material properties (input) and product 
properties (output) is indispensable. This can be achieved by different methods. One 
approach described in the literature is the use of empiric models125,180–184, correlating input 
and output parameters based on experimental observations. This approach has the 
disadvantage that it is not based on the physical phenomena relevant in the HME process, 
thus failing to provide mechanistic understanding. The correlations found are valid for a 
specific process setup, and not scalable by design to other process setups. In contrast, 
mechanistic approaches are based on the physical processes occurring during the HME 
process and the formation of ASDs. Such approaches have the advantage that they can be 

T 
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applied to any process setup within the validity range of the underlying model while no 
additional calibration is required. In addition, the mechanistic approach also allows for a 
fast adaption of the model, e.g. the readout of additional parameters such as shear stress. 

While different mechanistic models describing parts of the HME process were 
reported185–192, currently there is no comprehensive mechanistic model available that 
describes the overall HME process to produce ASDs. As presented in the results (section 
3.1), this thesis proposes such a model. The research on this model thereby serves two 
different purposes: 

i. The advancement of the mechanistic understanding of the formation of ASDs 
by the HME process. 

ii. The establishment of a method to facilitate the HME process development to 
produce ASDs. 

Concerning the mechanistic understanding, validation experiments supported the 
concept of focusing on two key process parameters, the mean residence time (MRT) and 
the time to dissolution (TTD). In addition, the successful prediction of those two key 
process parameters, based only on basic process and material properties, supports the 
validity of the mechanistic understanding of the overall process. This facilitates rational 
process design, process adaption as well as a systematic way to solve process problems, and 
finally, could be a theoretical basis for improved process development strategies. 

Concerning the facilitation of process development, the model can estimate times 
necessary for the formation of ASDs (TTD) for a given drug load and diffusion coefficient 
of the drug in the melt (calculated by molecular dynamics simulations). In a second step, 
it can predict MRTs for a given set of process and material parameters. Ideally, TTD and 
MRT values are equal. Due to the high number of process parameters, different parameter 
combinations resulting in similar MRTs are expected. In order to choose the best 
parameters, further aspects such as material stress minimization or throughput optimization 
need to be taken into account. As also the diffusion coefficient of the drug in the melt finally 
depends on the process parameters, the determination of suitable process parameters would 
be an iterative procedure. The results could be used as optimal starting parameters for first 
extrusion experiments. Once the first experimental data are available, the model can be 
used to estimate the impact of process changes. 

In practice of process development, an advanced model might not always be 
necessary. For cases where drug and polymer both melt at extrusion temperature, leading 
to a liquid-liquid mixing process, and the Flory-Huggins miscibility of the drug with the 
polymer melt is high, ASD formation is expected to be rapid. In this case, the formation of 
the ASD might be found to be mostly independent of extrusion parameters. For less optimal 
processes, however, the model could facilitate and potentially enable the process 
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development. Enhancing the chances for successful ASD production will also strengthen the 
application of ASDs in drug development. Notably, the model could help to build decisions 
in early stages of drug development. For example, predictions of a highly feasible production 
process could promote the further development of poorly soluble drug candidates. 

The model requires a set of material property data that might not be available and 
first have to be determined experimentally. Some properties can also be calculated, e.g. the 
Hansen solubility parameters, but depending on the method193–197, resulting values vary 
significantly and therefore remain doubtful. This drawback could be overcome by 
identifying the sensitivity of the model to specific parameters. Thereby, it could be 
prioritized which parameters are essential to know at which accuracy. Less important 
parameters could be approximated for or even generalized within a certain validity range. 
This would also simplify the model and thereby simplify its application. 

The extrusion model is, to the best knowledge of the author, the first comprehensive 
model available for the formation of ASDs by HME. Therefore, it should be seen as a 
prototype that has to be further developed. Current drawbacks of the model are, for 
example, that it is not applicable for systems containing more excipients than merely API 
and polymer (as also used in this thesis). A further broadening of the validity range could 
be the inclusion of sub-models for liquid-liquid mixing, kneading screw elements, or to 
account for heat conduction effects. Furthermore, model validation on more experimental 
data sets and with advanced experimental setups (e.g. in-line process analytical technology), 
will be necessary to investigate the accuracy of the model in a broader setting. 

Overall, the established model is an important step towards the comprehensive 
mechanistic understanding of the HME process to produce ASDs and to make predictions 
on process outcomes. Further work will be necessary to improve the model with respect to 
its accuracy and validity range. Already now, however, it could be a useful tool to facilitate 
the HME process development and to make first estimations on process feasibilities. 

4.2  Mechanisms of Increased Bioavailability 

As outlined in the introduction, it is undisputed that ASDs overall can increase 
bioavailability. However, detailed mechanisms leading to increased bioavailability are not 
understood today, hindering rational and translational formulation design. As these 
mechanisms are complex and include many individual steps (dissolution, formation of 
supersaturated solutions with subsequent drug uptake), experimental investigations of the 
overall mechanisms prove difficult. As a consequence, published research results mostly 
investigated individual sub-mechanisms of enhanced bioavailability. In order to create a 
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better understanding, reviewing existing articles on the topic is therefore a promising way 
to conceptualize underlying mechanisms of bioavailability through ASDs. In this context, 
the literature review presented in this thesis was dedicated to provide 

i. concepts for rational formulation development and 
ii. a basis for further mechanistic research. 

The conceptual framework for formulation development highlighted critical 
formulation parameters that are proposed to be responsible for increased bioavailability 
(e.g. the concentration of supersaturated, molecularly dissolved API), which therefore also 
constitute potentially critical parameters for translational formulation development. In 
addition, the framework conceptualized categories of mechanisms that seem to be 
predominant in the literature (e.g. different dissolution processes), allowing to choose 
optimal mechanisms for the specific development of an API. 

To facilitate further mechanistic research, the review article summarized the current 
state of knowledge and proposed a structured nomenclature for this research topic (e.g. for 
supersaturation or drug-rich particles), aiming to increase interpretation and comparability 
between future research results. It also reflects if certain insights on the topic seem accepted 
or are discussed controversially in the scientific community. Therefore, it could also inspire 
future research on the unanswered questions identified. 

A limitation of this narrative review article is that no quantitative evidence was 
gained. It is feasible that not all of the available literature on the topic were found. Also, 
although it was filtered for the research quality during article selection, the robustness of 
each research result depends on the authors of the original research article. Furthermore, 
many cited research papers performed their experiment on individual API-polymer 
combination without indications whether the established principles could be extrapolated 
to other combinations. While these factors limit the conclusive power, the review article 
created in this thesis, to the best knowledge of the author the first on this topic, can be 
seen as an important starting point for further systematic investigations, such as meta-
analyses or systematic reviews. Furthermore, more experimental work will be necessary to 
either prove or disprove the presented concepts. 

Overall, the review presented in this thesis summarized and conceptualized the 
current knowledge on mechanisms of increased bioavailability through ASDs. Within the 
mentioned limitations, it can thereby serve as a conceptual framework for rational and 
translational formulation development as well as a starting point for further mechanistic 
research. 
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4.3 Enhanced Formulation Performance by Excipients 

In drug delivery through ASDs, important steps toward increased bioavailability, 
such as the formation of particles, occur in situ in the human stomach or intestine. The 
behavior in this environment can only be controlled by choosing an optimal formulation 
composition. Therefore, the use of excipients can multiply the possibilities to control and 
optimize ASD behavior. Today, the impact of excipients is only poorly understood, 
impeding the rational use of excipients in formulation development. Therefore, the purpose 
of this study was 

i. to optimize the existing ASD formulation of efavirenz and 
ii. to investigate and mechanistically analyze effects of excipients on ASD 

behavior in silico, in vitro, and in vivo. 

A screening of excipients, as it was performed in the frame of this thesis198, was the 
straightforward step to formulation optimization without rational excipient selection 
strategies available. It was found that surfactants were the best performing group of 
excipients to enhance the dissolution performance in vitro, which is why they were selected 
as the further focus of investigation. 

Mechanistic insights were pursued by analyzing the impact of the two best 
performing excipients, sucrose palmitate and polysorbate 80. This was performed on 
different methodical levels: In silico, the interactions of excipients, polymer, and API were 
investigated using molecular dynamics simulations. This method appears especially 
interesting because it would provide predictive opportunities for unlimited combinations of 
excipients, polymers, and APIs. However, direct conclusions of molecular dynamics 
simulation results on formulation behavior remain far from elaborated and the study results 
presented herein can only be seen as a starting point towards the efficient use of this 
method. In vitro, the development of a mechanistic compartmental model and its fitting to 
dissolution results allowed for a mechanistic insight of the function of the two excipients. 
The transferability of the functions of the excipients used in this thesis to other formulations 
remains an open question. However, the proposed method could be used for the 
identifications of excipients function in other ASD formulations. In vivo, the use of a 
physiologically based pharmacokinetic (PBPK) model, established through the fitting of 
the i.v. pharmacokinetic data, allowed for the simulation of in vivo dissolution of ASDs. 
Also, this method could be useful in the future development of ASD formulations. 
Furthermore, it provides the possibility to link results from in vitro dissolution tests to 
simulated in vivo dissolution curves. 

In order to further investigate mechanisms of increased bioavailability, the study 
would have to be extended by further experiments: Permeability measurements (parallel 
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artificial membrane permeability assays199,200 or Caco2-models201,202) could answer the 
question whether the addition of the excipients hinders drug uptake. The same questions 
could be answered by further in vivo experiments, namely the pharmacokinetics of the pre-
dissolved optimized formulation (with added excipients, F40). Based on the results available 
from this study, it cannot be concluded, whether the in vivo dissolution of the formulation 
is still limited even after optimization, or whether the added excipients limited the 
absorption from the drug-rich phase. To complete these needed in vivo data, an 
investigation directly in humans was opted for (section 3.4). These data are essential to 
increase the mechanistic and translational value of these investigations. 

Concerning translational aspects, the study showed the difficulties for translation 
from in vitro to in vivo, as the promising in vitro results did not hold up in vivo. The 
answers to open mechanistic questions could thereby also answer translational questions. 
Besides the mechanistic approach to translation, the statistical analysis of large datasets 
could also facilitate translation. However, today the number of available data is limited and 
their generation is laborious. 

In conclusion, the presented study optimized the existing formulation of and ASD of 
efavirenz as a model drug substance. The methods used for the mechanistic investigation 
of formulation behavior allowed for the differentiation of the impact of the two best 
performing excipients and could facilitate future formulation development. However, 
different mechanistic and translational questions remain open. They will have to be 
addressed in the future to allow for a rational formulation development by the use of added 
excipients. 

4.4 Clinical Formulation Evaluation 

Although formulation platforms are mostly developed for humans, mechanistic 
investigations of formulation behavior in humans are scarce. In drug development, clinical 
trials are mostly conducted to develop a specific drug, aiming to validate but not 
mechanistically investigate formulations. Therefore, the clinical trial conducted in this 
thesis served two purposes: 

i. Mechanistic investigation of drug liberation and absorption from an exemplary 
ASD. 

ii. Validation of translational aspects in the development of ASDs. 

With respect to the mechanistic investigation in humans, the study provides insights 
into the stepwise process of dissolution and absorption of an exemplary particle forming 
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ASD formulation, identifying pitfalls and opportunities of the ASDs delivery platform in its 
most relevant environment, the human body. For the advancement of formulation platforms 
such as ASDs in this thesis, data in humans are essential to validate preclinical approaches 
of formulation development. These data are essential to validate translational approaches 
by comparing in vitro, in vivo and human data for the same formulation. Also, future 
preclinical experiments on the tested formulation could be validated with the existing 
clinical data. 

It seems rational that mechanistic studies are more likely to be conducted in an 
academic setting than industrial research. Especially clinical trials, however, are costly and 
their conduction is complicated by regulatory and organizational challenges. The approach 
for a clinical investigation used in this thesis is a compromise between the need for 
mechanistic investigation and financial and organizational obstacles. Using a micro-dosing 
approach, the risks for the subjects can be minimized, especially since it is unknown if and 
to which extent the bioavailability might be increased by the formulation. This minimized 
risk also allows for a reduction of organizational hurdles, as by Swiss law the trial is not 
categorized as investigational drug therapy, i.e. not aiming for any therapeutic effect on the 
subjects. A further hurdle is the production of the study material according to good 
manufacturing practice (GMP). Although for low-risk studies the competent authority 
Swissmedic does not have to grant the use of the material, good clinical practice (GCP) 
regulation clearly requires the use of GMP material. For this thesis, the process transfer to 
an academic GMP facility at the Peoples’ Friendship University in Moscow and a 
collaboration with a Swiss pharmacy specialized in the production of clinical trial material 
enabled to produce GMP study material. 

From a scientific point of view, with a focus on mechanistic investigations, micro-
doses have the advantage that pharmacokinetic processes are less likely to be 
saturated203,204, minimizing the risk of unexpected results due to nonlinear 
pharmacokinetics. Linear pharmacokinetic behavior is especially important if an i.v. 
reference formulation is not available due to the poor solubility of the drug. In such cases, 
the best reference is the pure solution of API, which, however, can only exist in a non-
supersaturated form. As the ASD formulations are expected to be supersaturating, it will 
by default have to be administered in a different dose (at standardized volumes) than the 
pure oral solution as a reference. For comparison, linear kinetics are therefore essential. On 
the other hand, a drawback of the micro-dosing approach is the unknown transferability to 
higher doses due to possible nonlinear kinetic behavior. For the development of a specific 
medicine, this approach therefore would not answer the critical question whether sufficient 
bioavailability can be achieved for a therapeutic effect. Nevertheless, this approach can be 
a valuable first step in the translation to a final medicine. 

In summary, clinical mechanistic formulation evaluation is vital to advance drug 
delivery platforms and to facilitate their translational development. The clinical trial design 
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used in this study was optimized to gain mechanistic insights while making trial conduction 
in an academic setting feasible. 

4.5 The Efavirenz-HPMCP Formulation 

In this thesis, the model system of efavirenz and HPMCP as polymer was chosen as 
representative formulation. The use of efavirenz is reasoned by its poor solubility, its 
reported use as a model drug compound, and the experience already available with this API 
in the research groups (e.g. availability of analytical methods). Open questions concerning 
efavirenz are its permeability and bioavailability in humans. Efavirenz is mostly recognized 
as being highly permeable (BCS class II)205. Therefore, by increasing its solubility by 
formulation as ASD, a significant increase in bioavailability would be expected in vivo. 
However, some authors also suggest that efavirenz could be a BCS class IV drug (low 
permeability)206, in which case an increase of in vivo bioavailability by increased solubility 
could be limited by the slow permeation, rendering the proof of enhanced in vivo 
bioavailability through increased solubility difficult. Furthermore, the human 
bioavailability of efavirenz is not known, as there are no human pharmacokinetic data 
available from an intravenous efavirenz administration207. Therefore, it is unclear to what 
extent the bioavailability of efavirenz could be increased in humans before reaching 
complete absorption. The long terminal half-life of efavirenz (52-76 hours for single doses208) 
also makes clinical pharmacokinetic studies more elaborate. Alternative model drugs might 
be carvedilol, azithromycin, or cyclosporine, all BCS class II drugs with known human 
bioavailabilities of 25%, 34%, and 28%, respectively209. For all three drugs, the formulation 
as ASD has been reported210–212. 

The use of HPMCP was based on a previous screening of polymers to enhance the 
dissolution profile of efavirenz213. Based on the improvement of the dissolution method in 
this thesis, the accuracy of the screening methods meanwhile can be doubted, as the UV/Vis 
method in the screening did not account for the effects of scattering of dispersed particles 
(Rayleigh scattering). However, the in vitro suitability of HPMCP as the base polymer for 
efavirenz ASDs was confirmed in this thesis. The polymer has the disadvantage of pH-
sensitive dissolution properties, which hinders the dissolution of the ASD in the stomach. 
The use of HPMCP as a base polymer would therefore not be beneficial for the formulation 
of APIs where a fast onset of effects is intended, such as analgesic drugs. On the other 
hand, HPMCP would provide gastric protection for pH-sensitive drugs. HPMCP is a 
polymer that has been used less frequently in ASD formulations, which is why its use in 
research projects could strengthen its applicability and therefore broaden the set of 
polymers used in ASD formulations. 
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Besides the broadly discussed importance of the gained mechanistic insights into the 
effect of ASDs on bioavailability, within the conduction of this thesis, the question arose 
whether the developed formulation containing efavirenz could also have a direct clinical use 
for HIV patients and, therefore, whether a further clinical study at therapeutic doses would 
be feasible. Efavirenz is a medication that has been on the market for a considerable length 
of time and was shown to be effective in HAART (highly active antiretroviral therapy)214. 
However, current guidelines recommend using efavirenz only in specific clinical situations 
and not as standard treatment, due to common side effects (e.g. nausea, dizziness, headache, 
rash, drowsiness, insomnia, vivid dreams or body fat redistribution208) and its non-
superiority in clinical efficacy215. Side effects mostly are expected to be triggered by systemic 
uptake of efavirenz. Even with increased bioavailability, the plasma level of 1 to 4 μg/mL 
(at sample points between 8 and 20 hours after drug intake214,216) should be assured for 
optimal antiretroviral efficacy. Therefore, no remarkable reduction in side effects is expected 
by increased bioavailability. Even if a reduction of side effects would exist, this reduction 
will be difficult and expensive to prove clinically. A change in the pharmacokinetic profile 
through the new formulation could be beneficial if more constant plasma levels could be 
achieved in order to assure constant antiretroviral activity while avoiding peak 
concentrations to reduce side effects. In general, the increased solubility would be expected 
to also increase peak concentrations. However, the increased solubility would also allow for 
the formulation of controlled release dosage forms, also controlled directly by the ASD217,218. 
Also, the increased solubility could reduce food effects and therefore decrease the variability 
in bioavailability219. Based on the low drug load of the ASD (approximately 20%), the pill 
burden would be problematic for a dose of 600 mg efavirenz, in particular when taking into 
account the further excipients necessary to produce the final dosage form. Furthermore, for 
use in patients, the drug registration procedure is expected to be more demanding than for 
the registration of a generic medicine. If the bioavailability is increased, the dose will have 
to be reduced. In consequence, the new formulation will not be regarded as an essentially 
similar drug product220, but as a medicinal product with a substantial change221. Also, from 
an economic point of view, the new formulation would need significant advantages over 
existing formulations, as the additional production step of hot-melt extrusion would 
complicate and increase production costs. Overall, although there could be some advantages 
of the new formulations, its further development does not seem feasible. In contrast, it 
might be feasible to investigate the transferability of the excipient combination in this 
formulation to other drugs. For example, the combination of sucrose palmitate and 
polysorbate 80 was successfully used as excipients to formulate ABT-102 (a poorly soluble 
drug substance)148, even if with another polymer. 

In summary, the formulation developed within this thesis, as discussed in sections 
4.1-4.3, allowed to gain mechanistic insight in mechanisms of increased bioavailability 
through ASDs. As a specific formulation for the use in patients, however, the formulation 
has several drawbacks that make further development for clinics not feasible.
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5 Conclusion 

SDs are a promising technology platform for the oral delivery of poorly 
soluble drugs. However, to be applied in the complex modern drug 
development process and to be reliably advantageous over other formulation 

strategies, the understanding and control of the delivery platform has to be further 
developed. This thesis contributes to this development on four different levels: 

i. On the production level (chapter 3.1), a mechanistic model describing the 
formation process of ASDs during hot-melt extrusion was established to 
facilitate the development of the production process. 

ii. Regarding the understanding of increased drug bioavailability (chapter 3.2), a 
concept of underlying mechanisms based on current literature was proposed. 

iii. To contribute to the rational use of excipients in formulation development 
(chapter 3.3), the impact of surfactants on ASD behavior was mechanistically 
analyzed in silico, in vitro, and in vivo.  

iv. In order to clinically investigate mechanisms of increased bioavailability and 
to validate the translational concept in ASD formulation development (chapter 
3.4), a clinical pharmacokinetic study in humans is being conducted. 

Although the outcomes of this thesis can still be elaborated in more detail, they 
contribute to the facilitation of the rational and translational development of ASDs as an 
enabling formulation platform for the oral delivery of poorly soluble drugs. Finally, the 
advancement of this drug delivery platform potentially enables the development of more 
drugs for the benefit of patients. Future research should focus on a holistic development 
strategy for ASDs. 

A 
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6 Future Prospects 

his thesis addressed different topics, each elucidating a limited aspect of the 
entire development process of ASDs for drug delivery. While each topic, as 
described in the discussion, can be elaborated in more detail, future research 

activities should aim to interlink the individual findings of this thesis towards the 
establishment of an overall development process strategy. For the efficient development of 
a given API to medicine, the process and formulation design, as well as their associated 
experimental evaluation, will have to be planned in a parallel and harmonized way. The 
establishment of such a holistic development strategy will be indispensable for this drug 
delivery platform to be applied more frequently in drug development. This strategy should 
also include an overall feasibility estimation to support early decisions to further develop 
poorly soluble drugs. 

The basis for such a holistic development strategy should be the translational 
understanding of ASD development. Only if preclinical results can be reliably linked to 
clinical outcomes, efficient ASD development will be possible. To establish this relation, 
sufficient clinical data have to be available for a broad range of formulations. This would 
allow for the identification of relevant preclinical in silico, in vitro and in vivo experiments 
and associated result specifications. In turn, these experimental results would allow to 
predict outcomes in humans. In parallel, the production must be feasible and further 
requirements for the medicine, such as stability or pill burden, have to be accounted for. 
Therefore, such a holistic development strategy should include methods to predict 

T 
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i. the compatibility of API, polymers, and additional excipients to form a long-
term stable ASD as a function of drug load, 

ii. pharmacokinetics in humans based on in silico or in vitro formulation 
characterization, and 

iii. optimal production process settings (i.e. hot-melt extrusion) for a broad range 
of extruders and formulations. 

Regarding prediction methods, mathematical models or in silico simulations would 
be the most preferable ones, as they are fast and comparably inexpensive. To avoid model 
limitations due to the selection of compounds, methods based on molecular properties 
(molecular structure or thereof derived characteristics) would be promising. However, also 
efficient in vitro tests will remain of great value, but it will be crucial to identify the relevant 
tests for efficient translation. Furthermore, in vitro tests could be a promising base for 
formulation behavior prediction in humans, e.g. by physiologically based pharmacokinetic 
(PBPK) modeling146. The translational relevance of in vivo studies is discussed 
controversially in literature53,138,146,159. They could be of value to compare formulations 
within the same species. However, regarding the translation of a specific drug formulation 
to humans, there is no correlation between in vivo and human oral bioavailability for 
standard formulations (except for a weak correlation for non-human primates)222. 

Specifically, regarding the next steps based on the results of this thesis, the 
correlation of more preclinical studies to the clinical trial results (section 3.4) in the light 
of the insights gained from the literature review of this thesis (section 3.2) will be an 
opportunity to validate translational approaches. Thereby, in vitro studies should include 
permeability measurements and advanced dissolution or solubility studies, using improved 
analytical methods to differentiate between the different states of dissolved ASDs. In 
addition, physicochemical properties of API and excipients and their interactions (refer to 
section 3.2) should be evaluated and correlated to the outcome of the clinical trial. Where 
possible, these correlations should be supported by mechanistic models. These would be the 
first steps towards the establishment of a holistic development strategy of ASDs. While a 
full validation of such a strategy will require a broad collection of data, including clinical 
data, it is hardly realistic for this research to be conducted by a single research group. 
However, the proposal of such a concept could be an inspiration for other researchers to 
contribute to the validation and improvement of such a holistic ASD development strategy. 
Even without a full validation, such a concept could be useful to guide the iterative 
development process of ASDs and to counterbalance advantages and disadvantages of 
formulation strategies, e.g. the use of specific excipients or the targeting of specific 
preclinical properties. 

 

 



6 Future Prospects 

117 

Besides the use of ASDs for oral drug delivery, it might also be interesting to 
investigate their potential for parenteral delivery of poorly soluble drugs. Here too, however, 
the poor solubility creates major formulation problems223. The drug-rich particles evolving 
from ASDs and their advantages of increasing the molecularly dissolved API concentrations 
could also be beneficial for parenteral applications. A formulation strategy could be the 
lyophilization of the drug-rich particles from dissolved ASDs 
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Single-centre open-label randomized single-dose 3-period cross-over design study to 
investigate bioavailability mechanisms of a hot-melt extruded amorphous solid dispersion 
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STUDY SYNOPSIS  
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Pharmaceutical Technology 
University of Basel, Pharmacenter 
Klingelbergstrasse 50 
CH-4056 Basel, Switzerland 
Tel.: +41 61 207 15 13 
E-Mail: joerg.huwyler@unibas.ch 

Study Title: Bioavailability Mechanistic Study of Hot-Melt Extruded Amorphous 
Solid Dispersions 

Short Title / 
Study ID: 

BEAD 

Protocol 
Version and 
Date: 

Version 2, 05.04.2019 

Trial 
registration: 

Study Registry: SNCTP via BASEC and ClinicalTrials.gov. 
NCT03886766 

Study category 
and Rationale 

According to the Swiss human research act, we propose to 
categorise this study as a clinical trial, category “other clinical trial” 
(physiological scientific study), risk category A. This can be justified 
as follows: 
The study is a prospective, health-related intervention to study the 
functioning/physiology of the human body. We will study the impact 
of a galenical formulation concept to improve the oral bioavailability 
of poorly soluble drugs. We use the model drug tracer Efavirenz in 
sub-therapeutic doses, having no pharmacological effect. The 
study product in the chosen doses and for this purpose does not 
represent a medicinal product according to the therapeutic product 
act (it is not intended or presented to have a medicinal effect on the 
human organism). We do not intend to induce any pharmacological 
effects. The used doses of efavirenz are lower than 50 mg, which 
is 12-fold less than therapeutic doses (i.e. 600 mg). The same dose 
was used in a previous physiological study of our team 
(CombiCaps III trial, NCT03247699). Efavirenz is a well 
established anti-retroviral drug, which is widely used in HIV therapy 
and sub-therapeutic 50 mg are known to be well tolerated. The 
risks for volunteers from the intervention are considered to be 
minimal (as discussed below). The assessment of study outcomes 
as well involves minimal risks (peripheral blood sampling). 
Furthermore, it is the aim of the study to investigate the functioning 
of a drug delivery system with respect to mechanisms in 
bioavailability of poorly soluble drug substances. Such formulation 
technologies (i.e hot-melt extruded amorphous solid dispersions) 
are of general interest for drug development. It is worth 
emphasizing that the drug substance Efavirenz is widely used as 
model drug substance for poorly soluble drugs. As such, it is also 
a suitable model drug for this study. However, there is no interest 
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in the drug or its pharmacological effects itself, only in the drug 
delivery system and its interaction with the human body. Therefore, 
the drug is used in tracer concentrations in this study, having no 
pharmacological effect. 
Potential risks from the study intervention can be summarized as 
follows: The possible increase in bioavailability of Efavirenz due to 
the formulation of the study product cannot be determined based 
on human data, as the absolute oral bioavailability is not known 
due to the lack of an intravenous formulation. A variability in 
bioavailability of 20-35% difference between formulations (oral 
tablet or oral suspension) as well as 22-24% difference between 
fasted and not fasted state at intake is described in the products’ 
professional information of conventional Efavirenz (Stocrin®). 
Bioavailability was described to be 16% or 67% in rats and to be 
42% in Rhesus monkeys. Some studies mention a bioavailability in 
humans of 40-45% without reference. Overall, even when taking 
the lowest measured value of absolute bioavailability (16%) and 
assuming an enhancement of the absolute bioavailability to 100% 
by the investigational drug delivery system, a maximal increase of 
exposure or participants corresponding to 300 mg Efavirenz of the 
standard formulation can be expected. As this still would be only 
half of the therapeutic dose (600 mg), we expect that participants 
are not exposed to any risk. 
All excipients contained in the study formulation are used in 
pharmaceutical or food production and are not estimated to impose 
any risk to participants. 
During the production of the raw material (extrudate), heat and 
higher shear rates are applied to the active ingredient and the 
excipients. In general, exposure to heat and higher shear rates is 
common for pharmaceutical production processes, as well with the 
used ingredients (e.g. tablet coating or pellet coating). The 
production process of the study product (hot-melt extrusion) by 
itself does not imply explicit risks and is used for medicinal products 
on the market. However, this process includes the exposure to 
comparably high temperatures in exchange for comparably short 
times. Therefore, the risk of possible degradation products of the 
active ingredient and excipients due to heat can be estimated as 
follows: 

• Degradation of the chosen model drug tracer (Efavirenz) is 
highly unlikely as its degradation temperature is much 
higher than the process temperature and therefore the risk 
is estimated as minimal. 

• The risk from the excipient sucrose-palmitate cannot be 
estimated, as there are no degradation studies. As this 
excipient is also used in food products, which are heated 
to comparable temperatures, a risk for participants is 
considered minimal. 

• The degradation of the excipient polysorbate 80 has been 
studied for long term storage of intravenously administered 
liquid formulations, where it is commonly used. A range of 
possible degradation product was identified but their 
toxicity has not been evaluated systematically. Thermal 
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gravimetric analysis and differential scanning calorimetry 
show no significant thermal events (e.g. degradation) at 
extrusion temperature. As only 3.75 mg per dose of this 
excipient are contained in the study product, which is 
administered by the oral route, we estimate that risks to 
participants is minimal. 

• The main excipient HPMCP (hydroxypropyl methyl 
cellulose phthalate) is considered to be a safe excipient by 
the European Medical Agency (EMA). One can 
nevertheless not exclude that degradation products are 
formed during the process of hot melt extrusion, such as 
phthalic acid and phthalic anhydride. Phthalic anhydride 
rapidly is transformed to phthalic acid in contact with water. 
These processes might lead to a maximal estimated 
amount of phthalic acid per dose of 5 mg (compared to 
maximum 1 mg per dose before the extrusion process 
according to the manufacturers specifications). There are 
no reports on acute or long term toxicity after oral intake of 
small amounts of phthalate. However, the maximum 
concentration of phthalic acid dust in the work environment 
is specified as 5 mg/m3. Therefore, we estimate the risk 
resulting from the use of this excipient to be minimal. 

Clinical Phase: Not applicable. 

Background 
and Rationale: 

It is the aim of the study to investigate the impact of drug delivery 
systems on the bioavailability of poorly soluble drug substances. 
Formulation technologies used for this study (i.e. hot-melt extruded 
solid dispersions) are of general interest for drug development. 
Poor drug solubility, and therefore low bioavailability, remains a 
problem in drug development that causes many drug candidates to 
drop out during drug development. We define bioavailability as the 
fraction of a drug substance that appears in the blood circulation 
after oral intake. Bioavailability is linked to drug solubility and 
intestinal permeability. A promising method to increase drug 
solubility, and therefore bioavailability, is the formulation of the drug 
as hot-melt extruded amorphous solid dispersion drug delivery 
systems (HADDS), which have been shown to potentially increase 
in vivo and clinical bioavailability significantly. In this drug delivery 
system, the drug is dispersed into a polymer matrix, which is 
achieved by an extrusion process at elevated temperatures and 
continuous mixing. The mechanisms that lead to increased 
bioavailability are not understood completely, but it is proposed that 
the delivery of the drug in an amorphous state leads to 
supersaturation and that the drug substance can be stabilized in 
this state by the in situ formation of drug rich particles. The detailed 
role of those particles in drug delivery are understood incompletely. 
In this study, we investigate the role of those drug rich particles on 
bioavailability and the in vivo behaviour of a formulation using 
HPMCP (hydroxylpropyl-methyl-cellulose-phtalate) to form 
HADDS. We do so by administering the delivery system at different 
stages in the process of drug availability. This polymer might not 
only be able to increase bioavailability, but also would provide 
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gastric protection to the drug substance and taste masking at the 
same time. HPMCP is a polymer that is mainly used for gastro-
protective coating of tablets. We chose Efavirenz as model drug 
tracer. As a highly permeable but poorly soluble drug compound, it 
is suited to study the effects of solubility enhancement on 
bioavailability and has been frequently used for this purpose in 
different preclinical studies. We optimized the formulation 
preclinically by embedding surfactants into the HADDS. Also these 
surfactants are used in pharmaceutical production and/or food 
manufacture. In vivo studies in rats showed that our optimization of 
the formulation increased bioavailability, but remained below the 
value of the conventional formulation (Stocrin®). However, if the 
non-optimized formulation was dissolved prior to the ingestion by 
the rats, the bioavailability was slightly higher than the conventional 
formulation (Stocrin®). We therefore assume that the critical step 
for our formulation towards bioavailability is the dissolution step. 
However, it is not possible to extrapolate from rats to human as the 
intestinal pH, intestinal volume, transition times, and fasting effects 
might differ significantly. Since animal models cannot be used and 
since in vitro tests of our formulation showed a significant increase 
in solubility and dissolution rate compared to the marked 
formulation (Stocrin®), we believe that it is worth to take our 
investigations further into humans. 

Objectives: It is the aim of the study to investigate the functioning of a drug 
delivery system (drug-rich particles formation hot-melt extruded 
amorphous solid dispersions) with respect to mechanisms in 
bioavailability of poorly soluble drug substances: 
Primary objective: Pharmacokinetic analysis of a model HADDS 
using Efavirenz as model drug tracer in human. 

• Comparison of pharmacokinetic parameters such as 
relative bioavailability and further parameters derived from 
pharmacokinetic analysis and corresponding interpatient 
variabilities. 

• Mechanistic analysis of pharmacokinetic data, such as 
determination of in vivo dissolution from solid HADDS 
(study product 1) to liquefied HADDS drug rich particles 
(study product 2) using numerical deconvolution or 
analysis of the effect of drug rich particles on the 
absorption rate of Efavirenz in comparison to the solution 
of Efavirenz (study product 3). 

Secondary objective: Comparison of obtained pharmacokinetic 
profiles to existing data (conventional formulation [3,4]) with 
respect to: 

• Comparison of pharmacokinetic parameters such as 
relative bioavailability and further parameters derived from 
pharmacokinetic analysis and corresponding interpatient 
variabilities. 

• Extrapolation investigation from in vitro to in vivo data. 
Safety objective: Recording of any side effects or tolerability 
issues of the investigational drug delivery system. 
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Outcomes: Primary outcome: Direct measurement of the plasma 
concentration-time profiles of Efavirenz delivered as an 
investigational HADDS. 
Secondary outcome: Comparison of the mentioned directly 
measured plasma concentration-time profiles and derived 
parameters with published plasma concentration-time profiles and 
derived parameters. Extrapolation from in vitro to in vivo data. 
Safety outcome: Incidence and severity of side effects related to 
investigational drug delivery system during the whole study. 

Study design: Single-centre open-label randomized single-dose 3-period cross-
over design study in healthy volunteers. 

Inclusion / 
Exclusion 
criteria: 

Participants fulfilling all of the following inclusion criteria are 
eligible for the study: 

• Full mental and legal capacity, ability and willingness to 
understand and comply to study interventions and 
restrictions and to communicate with study personnel. 

• Informed Consent, documented by signature (Informed 
Consent Form). 

• Physically and mentally healthy participants, age of 18 to 
50 years, with no child bearing potential. 
Female participants are not considered to be of child 
bearing potential if surgically sterilised/hysterectomised or 
post-menopausal for longer than 2 years. 

• Body mass index (BMI) of 18.0 to 29.9 kg/m2, systolic 
blood pressure (SBP) 100-145 mmHg, diastolic blood 
pressure (DBP) 50-90 mmHg and heart rate (HR) 45-90 
bpm, measured on the leading arm, after 5 minutes in 
supine position, Hemoglobin ≥ 11 g/dl at screening. 

• Normal physical examination, vital signs, laboratory 
workup (clinical chemistry and hematology), and 
electrocardiogram (ECG) (in opinion of the principal 
investigator). 

• Normal renal and liver function based on blood tests (in 
opinion of the investigator). 

• Medical history that is in line with the eligibility criteria. (in 
opinion of the investigator). 

• No other conditions or circumstances that might 
compromise compliance with the study protocol or the 
quality of retrieved data (in opinion of the investigator). 

The presence of any one of the following exclusion criteria will 
lead to exclusion of the participant: 

• Any acute or chronic illness or other clinically relevant 
findings at screening. 

• Any physical or mental disorder or circumstance at present 
or in medical history that could interfere with the 
participant’s safety during the clinical trial or with the study 
objectives. 

• Any regular drug treatment within the last two weeks or 
planned for the time of the study (exceptions possible in 
opinion of the investigator). 
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• At presence of irregular drug treatment before the study, 
planned for the time of the study or irregular/regular 
substitution of endogenous substances, minerals, or trace 
elements, the investigator decides on exclusion on an 
individual basis valuing the safety of the participant and the 
quality of retrieved data (e.g. interactions with Efavirenz). 
For minor to moderate painful conditions, such as 
headaches or abdominal discomfort, paracetamol up to 1 
g every 6 hours is acceptable. 

• Any intake of a substance known to induce or inhibit drug 
metabolizing enzymes or transport system enzymes 
relevant for Efavirenz (CYP 2B6 and CYP 3A4) within a 
period of less than 10 times the respective elimination half-
life. 

• Vaccination (active or passive) ≤ one month before 
screening. 

• Breastfeeding women. 
• Presence or history of allergies (except for mild forms of 

hay fever). 
• History of hypersensitivity reactions to medication. 
• History or presence of eating disorders. 
• Presence of contraindications to treatment with Efavirenz, 

namely less than 40 kg body weight, co-medication with 
voriconazole, paritrapevir, ritonavir, dasabuvir, semiprevir, 
and hypericum perforatum.any co-medication (also plant 
products), or any liver disease. 

• Presence of warnings concerning the treatment with 
Efavirenz, namely severe skin irritations in the medical 
history, psychiatric symptoms in the medical history, 
convulsions in the medical history, hepatitis B or C, 
presence of osteonecrosis in the medical history, or 
dyslipidemia at present or in medical history. 

• History or presence of smoking, alcohol drinking (>20 g 
alcohol per day), or drug abuse. 

• Blood donation or significant blood loss within 4 weeks 
prior to screening 

• Known or suspected non-compliance 
• Participation in another study with investigational drug 

within the 30 days preceding and during the present study 
• Previous enrolment into the current study 

Measurements 
and 
procedures: 

Participants will orally ingest the study product or the control 
product (see interventions). Thereafter, venous blood samples will 
be taken at specified time points (0, 0.25, 0.5, 0.75, 1, 2, 3, 4, 6, 8, 
12, 24, 48, and 72 hours post dose). Plasma will be separated from 
the blood samples and stored in a frozen state (-20°C) until 
analysis. The concentration of Efavirenz in plasma will be 
quantified for every time point by a qualified liquid chromatography 
coupled mass spectrometry method. 

Study Product / 
Intervention:  

Intervention: The intervention consists of a single oral 
administration of 3 different formulations containing Efavirenz as 
model drug tracer in sub-therapeutic doses: 
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1. Hot-melt extruded amorphous solid dispersion of 
Efavirenz, 50 mg, oral administration (product 1) 

2. Hot-melt extruded amorphous solid dispersion of 
Efavirenz, 50 mg, homogenized to drug rich particles, oral 
administration (product 2) 

3. Efavirenz solution, 3 mg, oral administration (product 3) 
The dose is taken after at least 8 hours of fasting together with or 
as solution of 500 ml of pH-buffered water.  
Used doses can be justified as follows: Due to the low solubility of 
Efavirenz, a solution can only contain a maximum of 3 mg drug per 
500 ml. The lowest possible dose for hot-melt extrudates are 50 mg 
in order to form drug-rich particles. Dose-linearity can be assumed 
in this dose range. 

Control 
Intervention: 

Not applicable.  

Number of 
Participants 
with Rationale: 

Primary objectives: 16 participants with a complete dataset are 
necessary. A complete dataset is defined as providing at least 80% 
of the blood samples in all three study phases. The investigator 
may apply more strict handling of individual cases in case important 
samples are missing. Intra-patient variability for pharmacokinetic 
parameters used for primary outcomes are unknown, except for 
bioavailability. Using the reported intra-patient variability in 
bioavailability from population pharmacokinetics of 26% (CV), a 
power of 80% and a level of significance of 5%, a samples size 
number of 23 for a one-sided test and a relative difference in mean 
of maximal 22.5% is calculated. However, the intra-patient 
variability is expected to be lower in this study due to normalization 
of food effects and co-medication. This is supported by a similar 
study using different formulations of 50 mg Efavirenz, where a 
sample size of 16 was sufficient to show bioequivalence and inter-
patient variability with 6.9% (CV) [3]. 
Secondary objectives: As data from this study will be compared 
to published data [3] an equal sample size of n = 16 is chosen. 
Sample size calculation for the secondary objectives with respect 
to differences in bioavailability using a power of 80%, a level of 
significance of 5%, and a reported inter-patient variability in 
bioavailability of 54.6% (CV) in population pharmacokinetics, show 
that relative differences in bioavailability of 54% are expected to be 
statistically significant with n = 16. Here as well, the inter-patient 
variability is expected to be lower than reported for this study due 
to normalization for food effects and co-medication, which in turn is 
expected to lower the necessary relative difference that can be 
proved statistically. 
The proof of bioequivalence (also according to stringent regulatory 
guidelines) requires a higher number of participants for statistical 
significance due to a different hypothesis. For an inter-patient 
variability of 54.6% (CV), a sample size of 101 would be needed. 
Even though in this study the inter-patient variability is expected to 
be reduced, n = 16 is unlikely to result in significant results with 
respect to bioequivalence. However, the proof of bioequivalence is 
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needed for generic drug development. Since the present study 
primarily aims to investigate physiological/scientific questions, 
higher numbers of participants than n=16 are not justified. 
Safety objectives: As all study interventions are sub-therapeutic, 
this aspect is not taken into account for sample size estimation. 

Study Duration: Expected 6-9 months from first patient in to last patient out. 

Study 
Schedule: 

First-participant-in planned Q1 2019 and Last-participant-out 
planned Q3 or Q4 2019. 
An overview of the study schedule can be seen in the schema 
below. After the general schedule at the beginning of the study 
(screening visit, informed consent and inclusion), participants will 
be randomized (according to standard methods) in into three 
groups, starting with the ingestion of study product 1, 2, or 3 with 
subsequent collection of blood samples for 72 hours. After a wash 
out period of two weeks, participants will repeat the procedure in 
phase B with ingestion of the subsequent study product. After a 
second wash out the participants will receive the last study product 
in study phase C. After completion of phase C, all participants will 
conclude the study with a follow-up visit. 

 

Investigator: Prof. Stephan Krähenbühl 
Clinical Pharmacology and Toxicology 
University of Basel, Departement Biomedicine 
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Hebelstrasse 20 
CH-4031 Basel, Switzerland 
Tel.: +41 61 328 67 15 
E-Mail: stephan.kraehenbuehl@unibas.ch  

Study Centre: Clinical Pharmacology / Clinical Trial Unit 
University of Basel, Dep. of Biomedicine / Dep. of Clinical Research 
c/o University Hospital Basel 
Hebelstrasse 20 
CH-4031 Basel, Switzerland 

Statistical 
Considerations: 

Also refer to “number of participants with rationale” above. 
Not all of the objectives allow for a statistical analysis (e.g. in vivo 
dissolution). Where a statistical analysis concerning primary 
objectives is possible (e.g. comparison of relative bioavailabilities), 
paired t-test analysis using a two-sided level of significance of 5% 
will be performed. Where no significant difference is found, 
equivalence testing by paired t-test analysis using a one-sided level 
of significance of 5% to test will be performed. 
For statistical analysis concerning secondary objectives, the same 
tests but using a unpaired t-test will be performed. 
Mechanistic conclusion will be made from the overall of these 
comparisons and further gained information (e.g. in vivo 
dissolution). 

GCP Statement: This study will be conducted in compliance with the protocol, the 
current version of the Declaration of Helsinki, the ICH-GCP or ISO 
EN 14155 (as far as applicable) as well as all national legal and 
regulatory requirements.  
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ABBREVIATIONS 

AE Adverse Event  

BASEC Business Administration System for Ethical Committees, 
(https://submissions.swissethics.ch/en/) 

CA Competent Authority (e.g. Swissmedic) 

CEC Competent Ethics Committee 

CRF Case Report Form  

ClinO Ordinance on Clinical Trials in Human Research (in German: KlinV, in 
French: OClin, in Italian: OSRUm) 

eCRF Electronic Case Report Form  

CTCAE Common terminology criteria for adverse events 

DSUR Development safety update report 

GCP Good Clinical Practice  

IB Investigator’s Brochure 

Ho Null hypothesis 

H1 Alternative hypothesis 

HRA Federal Act on Research involving Human Beings (in German: HFG, in 
French: LRH, in Italian: LRUm) 

IMP Investigational Medicinal Product 

IIT Investigator-initiated Trial 

ISO International Organisation for Standardisation 

PI Principal Investigator  

SDV Source Data Verification  

SOP Standard Operating Procedure 

SPC Summary of product characteristics 

SUSAR Suspected Unexpected Serious Adverse Reaction  

TMF Trial Master File 

EMA European Medicines Agency 

HPMCP Hydroxypropyl methyl cellulose phthalate 

HADDS Hot-melt extruded amorphous solid dispersion drug delivery systems 

SBP Systolic blood pressure 

ECG Electrocardiogram 

CYP Cytochrom P450 

CV Coefficient of variation 

GMP Good manufacturing practice 
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GCP Good laporatory practice 

BP Blood pressure 

HR Heart rate 

IB Investigator’s brochure 

ASD Amorphous solid dispersion 

HME Hot-melt extrusion 

OTC Over the counter medications 

INR International normalized ratio 
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STUDY SCHEDULE  

 Screening Period A, B and C with at least 14 days between beginning of periods 
End-
of-
study 

Visits number (period A, B, C) 1 2, 6, 10 3, 7, 11 4, 8, 12  5, 9, 13 14 

Day -30 to 0 Starting at day 0, 14, 28 (max. + 8 days) 31 to 
54 

Time  -15’ 15’ 30’ 45’ 1 h 2 h 3 h 4 h 6 h 8 h 12 h 24 h 48 h 72 h  

Patient information x                

Demographics, 
anthropometrics 

x                

Medical history x                

Physical examination x               x 

Laboratory Tests x               x 

Electrocardiogram x               x 

In- /exclusion criteria x                

Informed consent x                

Randomisation  x1               

Concomitant medication x x           x x x  

Vital signs (BP/HR) x x x x x  x   x  x x x x x 

Study medication 
administration 

 x               

Investigational blood sampling  x x x x x x x x x x x x x x  

Adverse events assessment  x     x   x  x x x x x 
1 Only at study visit 2 
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STUDY ADMINISTRATIVE STRUCTURE  

Sponsor, Sponsor-Investigator  
Prof. Jörg Huwyler 
Pharmaceutical Technology 
University of Basel, Pharmacenter 
Klingelbergstrasse 50 
CH-4056 Basel, Switzerland 
Tel.: +41 61 207 15 13 
E-Mail: joerg.huwyler@unibas.ch 

Principal Investigator(s)  
Prof. Stephan Krähenbühl 
Clinical Pharmacology and Toxicology 
University of Basel, Department Biomedicine 
Hebelstrasse 20 
CH-4031 Basel, Switzerland 
Tel.: +41 61 328 67 15 
E-Mail: stephan.kraehenbuehl@unibas.ch 

Statistician ("Biostatistician")  
Statistics are performed by the sponsor. 

Laboratory 
Dr. Urs Duthaler 
Clinical Pharmacology and Toxocology 
University of Basel, Departement Biomedicine 
Hebelstrasse 20 
CH-4031 Basel, Switzerland 
Tel.: +41 61 265 23 95 
E-Mail: urs.duthaler@unibas.ch 

Monitoring institution 
The monitoring will be performed by the Clinical Trial Unit of the University of Basel 
(Department Clinical Research). 

Data Safety Monitoring Committee  
Due to the low risk that participants are exposed to and the short duration of the trail, no 
data safety monitoring committee is established. Adverse Events will be monitored directly 
by the principal investigator and the sponsor. 

Study Coordination/Sub-Investigator 
Andreas Schittny 
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Pharmaceutical Technology, Clinical Pharmacology and Toxocology  
University of Basel, Pharmacenter, Department Biomedicine 
Klingelbergstrasse 50 
CH-4056 Basel, Switzerland 
Tel.: +41 61 207 16 99 
E-Mail andreas.schittny@unibas.ch 

ETHICAL AND REGULATORY ASPECTS  

Before the study will be conducted, the protocol, the proposed patient information and 
consent form as well as other study-specific documents shall be submitted to a properly 
constituted Competent Ethics Committee (CEC) in agreement with local legal 
requirements, for formal approval. Any amendment to the protocol must as well be 
approved by these institutions. 
The decision of the CEC and Swissmedic/foreign competent authority concerning the 
conduct of the study will be made in writing to the Sponsor-Investigator before 
commencement of this study. The clinical study can only begin once approval from all 
required authorities has been received. Any additional requirements imposed by the 
authorities shall be implemented. 

Study registration  
The study will be registered in a registry listed at ClinicalTrials.gov (NCT03886766). In 
addition, registration in a national language in the Swiss National Clinical trial Portal 
(SNCTP via BASEC) will be done. 

Categorisation of study  
Compare to Synopsis under “Study Categorization and Rationale”. 

Competent Ethics Committee (CEC)  
The responsible sponsor and investigator ensures that approval from an appropriately 
constituted Competent Ethics Committee (CEC) is sought for the clinical study. For this 
study, the Ethikkommission Nordwest- und Zentralschweiz (EKNZ) will act as CEC. 
No changes are made to the protocol without prior approval by sponsor and CECs, except 
where necessary to eliminate apparent immediate hazards to study participants. All 
changes in the research activity and all unanticipated problems involving risks to humans, 
premature study end, or interruption of the study is reported within 15 days. The regular 
end of the study is reported to the CEC within 90 days, the final study report shall be 
submitted within one year after study end. Amendments are reported according to chapter 
2.10. 
The duty to report to Swiss authorities lies with the sponsor. The sponsor and the principle 
investigator report to each other within 8 days. 

Competent Authorities (CA)  
The categorization “other clinical trials”, risk category A, does not imply the necessity of an 
approval of competent authorities (Swissmedic). 
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Ethical Conduct of the Study  
The study will be carried out in accordance to the protocol and with principles enunciated 
in the current version of the Declaration of Helsinki, the guidelines of Good Clinical Practice 
(GCP) issued by ICH, in case of medical device: the European Regulation on medical 
devices 2017/745 and the ISO Norm 14155 and ISO 14971, the Swiss Law and Swiss 
regulatory authority’s requirements. The CEC and regulatory authorities will receive annual 
safety and interim reports and be informed about study stop/end in agreement with local 
requirements.  

Declaration of interest  
There is no conflict of interest by Sponsor or Investigator regarding intellectual, financial or 
proprietary questions related to the trial. 

Patient Information and Informed Consent 
The investigators will explain to each participant the nature of the study, its purpose, the 
procedures involved, the expected duration, the potential risks and benefits and any 
discomfort it may entail. Each participant will be informed that the participation in the study 
is voluntary and that he/she may withdraw from the study at any time and that withdrawal 
of consent will not affect his/her subsequent medical assistance and treatment. The 
participant will also be informed that his/her medical records may be examined by 
authorised individuals other than their treating physician. 
All participants for the study will be provided a participant information sheet and a consent 
form describing the study and providing sufficient information for participant to make an 
informed decision about their participation in the study. Participants may take up to 3 days 
in order to decide if they would like to participate or not. The formal consent of a participant, 
using the approved consent form, must be obtained before the participant is submitted to 
any study procedure. 
The participant should read and consider the statement before signing and dating the 
informed consent form, and should be given a copy of the signed document. The consent 
form must also be signed and dated by the investigator (or his designee) at the same time 
as the participant sign, and it will be retained as part of the study records. 

Participant privacy and confidentiality  
The investigator affirms and upholds the principle of the participant's right to privacy and 
that they shall comply with applicable privacy laws. Especially, anonymity of the 
participants shall be guaranteed when presenting the data at scientific meetings or 
publishing them in scientific journals.  
Individual subject medical information obtained as a result of this study is considered 
confidential and disclosure to third parties is prohibited. Subject confidentiality will be 
further ensured by utilising subject identification code numbers to correspond to treatment 
data in the computer files. 
For data verification purposes, authorised representatives of the Sponsor (-Investigator), a 
competent authority (e.g. Swissmedic), or an ethics committee may require direct access 
to parts of the medical records relevant to the study, including participants’ medical history. 

Early termination of the study  
The Sponsor-Investigator may terminate the study prematurely according to certain 
circumstances, for example: 
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• ethical concerns, 
• insufficient participant recruitment, 
• when the safety of the participants is doubtful or at risk, respectively, 
• alterations in accepted clinical practice that make the continuation of a clinical trial 

unwise,  
• early evidence of benefit or harm of the experimental intervention 

Procedures for study termination will be arrange on an individual basis after review and 
consultation of all involved investigators. Discontinuation for medical reasons will be 
communicated in a timely fashion to the CEC according to chapter 2.3. 
Information, data and study material of participants terminating the study prematurely will 
be anonymized after data analysis. 

Protocol amendments 
Substantial amendments are only implemented after approval of the CEC and CA 
respectively. Substantial amendments include changes to eligibility criteria, experimental 
design, dosages, assessment variables, outcomes, or analyses. The investigator will be 
informed immediately, all included participants will be informed on these changes within 15 
days. Participants will be asked to agree to the changes in form of an updated informed 
consent. Changes in trial registries will be made within 15 days. 
Under emergency circumstances, deviations from the protocol to protect the rights, safety 
and well-being of human subjects may proceed without prior approval of the sponsor and 
the CEC/CA. Such deviations shall be documented and reported to the sponsor and the 
CEC/CA as soon as possible. 
All non-substantial amendments are communicated to the CA as soon as possible if 
applicable, to trail participants as soon as possible, to trail registries as soon as possible, 
and to the CEC within the Annual Safety Report (ASR).  
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BACKGROUND AND RATIONALE 

Background and Rationale  
Refer to the synopsis under “Background and Rationale”. 

Investigational Product (treatment, device) and Indication  
In this study, Efavirenz is used as a model drug tracer. In research concerning low soluble 
drug, Efavirenz is frequently used as model drug. This study has no intention to investigate 
the pharmacological effects of Efavirenz, but only aims to elucidate the mechanisms that 
lead to increased bioavailability be amorphous solid dispersions forming drug-rich particles. 
Efavirenz is a non-nucleoside reverse transcriptase inhibitor (NNRTI) and used in treatment 
as well in post exposer prophylaxis (PEP) and is on the WHO list of essential medicines. 
Beside the therapeutic application, it has already been used successfully as a sub 
therapeutic doses of 50 mg for CPY2B6 phenotyping [3,4]. 
For more detailed information refer to the investigator’s brochure, the synopsis under “study 
product / intervention” and under “study category and rationale”. 

Preclinical Evidence  
For more detailed information, refer to the Investigators’ Brochure. 
Amorphous solid dispersions have been shown to increase bioavailability in vivo [5–12]. 
So far, there were no reports found showing the bioavailability of hot-melt extruded 
amorphous solid dispersions using surfactants as excipients in human nor has there been 
no report of EFV formulated as amorphous solid dispersion in human. 
We have investigated our formulations in vitro as well as in animal studies (unpublished 
data). In vitro results showed an enhanced dissolution (faster dissolution rate and higher 
kinetic solubility) of the investigational drug delivery system compared to the conventional 
formulation (both in powder/compacted form). More specifically, the investigational drug 
delivery system also showed enhanced dissolution compared to the same formulation 
without surfactants (refer to investigators’ brochure). 
Animal studies in rats showed that the study product without surfactants has shown 
comparable bioavailability to the conventional formulation when suspended in buffer prior 
to administration. While the investigational drug delivery system without surfactants in 
powder form showed no absorption in rats, the investigational drug delivery system showed 
absorption in rats but with a lower bioavailability compared to the conventional formulation 
(refer to investigators’ brochure). 
From these results may be concluded, that in vitro results indicate an enhanced dissolution 
which is expected to increase bioavailability. These results could only partially be confirmed 
in rats. It seems that even the investigational drug delivery system without surfactant seems 
to successfully bring bioavailability up to the level of conventional formulation. However, 
the dissolution step from the investigational drug delivery system without surfactants in 
powder form to the suspended state seems not to happen in rats as expected from in vitro 
results. Adding surfactants solved this problem partially, as bioavailability was increased, 
however not up to the level of the investigational drug delivery system without surfactants 
suspended prior to administration. 
Especially the dissolution step in the cascade from powder to absorbed drug is difficult to 
extrapolate from animal to human [13] as volumes, pH, gastric empting or intestinal 
transition times may vary significantly. As the dissolution method is an in vitro test broadly 
used in formulation development, it might be more predictable for this specific step. 
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Overall we conclude, that the combination of in vitro and animal test show potential for the 
investigational drug delivery system which justifies to be tested in human in low risk setting 
as this clinical trial. 

Clinical Evidence to Date  
It has been shown that active ingredients formulated as amorphous solid dispersions can 
increase bioavailability in human [14–21]. No report was found on the bioavailability of EFV 
formulated as amorphous solid dispersion in human. Even though there has been work 
done concerning the understanding of the mechanisms involved in the increased 
bioavailability by amorphous solid dispersions, there currently is no comprehensive 
understanding of this process in humans. There was no report of a study like the present 
study found. 

Dose Rationale / Medical Device: Rationale for the intended purpose 
in study (pre-market MD)  

The sub-therapeutic dose of 50 mg Efavirenz was chosen in order to minimize the 
exposition of the participants to the drug. Furthermore, this dose has been used in previous 
trials with which the results be compared (secondary objectives). The sub-therapeutic dose 
of 3 mg was chosen as it is the maximal dose than can be administered as aqueous solution 
in a reasonable volume (due to poor solubility). 
The oral route is subject to the study. 

Explanation for choice of comparator (or placebo)  
Not applicable. 

Risks / Benefits  

Risks 
For risks resulting from the investigational drug delivery system, compare to synopsis under 
“Study category and Rationale”. 
Risks to the study: As the study is planned to include only a small number of participants 
for a short time and neither has restrictive inclusion criteria nor a high risk of early study 
termination for participants, the potential risk to the running study itself is considered as low 
and therefore no measures of risk anticipation are taken. 

Benefits 
Individual participants don’t have any direct benefit from this study. However, there is an 
urge for the development of delivery strategies for poorly soluble drugs. The amount of 
poorly soluble drugs that drop out during drug development is overproportioned [22,23] and 
problems in bioavailability and pharmacokinetics are frequent reason for drug candidate 
drop outs in phase I studies [24].This makes drug development not only expensive but also 
undermines the potential of poorly soluble drugs with promising effects. The advancement 
of understanding of hot-melt extruded amorphous solid dispersions to increase 
bioavailability of poorly soluble drugs might therefore contribute essentially to the 
mentioned problems in drug development. To explore the properties of this drug delivery 
strategy also in human is a necessity to advance this technology. With this study, we hope 
to contribute to this process for the good of patients. 
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Justification of choice of study population  
In this study, neither vulnerable patients are included, nor is it the study conducted in 
emergency situations. 
In order not to put vulnerable participants at risk, we chose a population study of male 
healthy adult volunteers. We exclude healthy woman from the study because there have 
been reports of failure of hormonal oral contraception under the use of Efavirenz. With this, 
the exclusion of a pregnancy by the combination of a hormonal and a barrier-based 
contraception cannot be guaranteed. A meta-analysis showed no significant increase in 
risk of overall or central nervous system congenital anomalies associated with the use of 
Efavirenz in the first-trimester [25] and some guidelines therefore agree to the use of EFV 
in pregnant woman [26]. In contrast, the use of EFV is not recommended by other 
guidelines [27] because teratogenic effects in animals were suspected [28]. Even though a 
risk by this study to unborn children would be very low, especially as the EFV dose is sub-
therapeutic, we see no reason to expose any unborn child even to the lowest risk. While 
clinical recommendation also take into account the benefits for the mother and the unborn 
child, they cannot directly be transferred to our study as there is no benefit in our study for 
mother or the unborn child. Overall, the risk to include female participant with child bearing 
potential is estimated higher than benefits for society and scientific quality, especially as 
no major differences between female and male participants are expected. 
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STUDY OBJECTIVES  

Overall Objective 
Refer to synopsis under “Objectives”. 

Primary Objective 
Refer to synopsis under “Objectives”. 

Secondary Objectives 
Refer to synopsis under “Objectives”. 

Safety Objectives 
Refer to synopsis under “Objectives”. 
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STUDY OUTCOMES  

Primary Outcome 
Refer to synopsis under “Outcomes”. 

Secondary Outcomes 
Refer to synopsis under “Outcomes”. 

Other Outcomes of Interest 
Not applicable. 

Safety Outcomes 
Refer to synopsis under “Outcomes”. 
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STUDY DESIGN  

General study design and justification of design  
Also refer to synopsis under “study design”, “study product / intervention”, “measurements 
and procedures”, “inclusion / exclusion criteria”, “numbers of participants with rationale” as 
well as “statistical considerations”, the study schedule and the following sub-chapters. 
For this study, the bioavailability mechanisms of the model drug tracer promoted by the 
investigational drug delivery system is conceptualized into three different subsequent 
phases 

1. The dissolution from solid hot-melt extruded amorphous solid dispersion to drug-
rich particles 

2. The dissolution of free drug from the drug-rich particles to free solubilized drug 
substance 

3. The uptake of the drug-substance though the intestinal membrane 
This concept can be summarized in the picture below: 

 
By administrating the investigational drug delivery system in the different forms 
(corresponding to study intervention 1-3 in the study synopsis under “study product / 
intervention), on each representing one of the three conceptual stages information (plasma 
concentration - time profiles) can be collected. By comparing the results of these 
interventions, conclusion on the behaviour of the investigational drug delivery system can 
be drawn: 

• In vivo dissolution from the solid amorphous dispersion to drug-rich particles 
• Influence of the drug-rich particles on the uptake of the drug 

As the formation of the drug-rich particles is concentration dependent and the solubility of 
Efavirenz in water is limited, it is not possible to use the same doses for all interventions. 
However, linearity of Efavirenz in these doses can be assumed [1,27,29]. 
As the study does not investigate any pharmacological effects but only focuses in the 
pharmacokinetics of a model drug tracer, the interventions are not blinded (open-label). 
In the study, three interventions are comparators in the sense that they represent the 
different conceptual phases of bioavailability promoted by the investigational drug delivery 
system. Additionally, the gained results will be compared to existing pharmacokinetic data 
from the conventional formulation of Efavirenz (Stocrin® 50 mg) as a secondary objective. 
Limitations of the study design are: 

• The conceptual phases and the derived interventions might oversimplified. 
However, they can be a first step toward a better mechanistic understanding 

• Pharmacokinetic linearity has not been shown for theses specific doses yet. 
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However, this can be easily detected from the study results. In case of non-
linearity, there is an option to apply non-linear models for comparative analysis. 

• Study formulation 2, the amorphous solid dispersion homogenized in buffer, will be 
exposed to the acid in the stomach, which has a morphologic effect on the formed 
particles. However, this seems to be reversible after an increase in pH (in the 
duodenum) according to in vitro experiments. 

• As the intra-participants variabilities for different parameters are only known 
incompletely for our study setting, a true estimation of the sample size is not 
possible. 

Methods of minimising bias  
To exclude inter-patient variabilities, the study is conducted in a cross-over design. This 
does not apply to the secondary objectives. This also makes a stratification during 
randomization unnecessary. To standardize for food effects, all interventions will be 
performed on fasted participants. 

Randomisation  
Each participant will be sequentially subjected to the study formulation administered (1-3) in the 
different study phases (A-C). To minimise the risk of potential influence of the treatment period 
order, every participant will be randomly assigned to one of two treatment sequences (1-2-3 or 
2-3-1 or 3-1-2) using block randomization on day 1 of study phase A. In each treatment 
sequence, five (2 x) or six participants (1 x) will be included, resulting in 16 participants in total. 
It was chosen randomly (randomization tool from atmospheric noise), which treatment sequence 
is used six times. Subsequently, the treatment sequences for the participant numbers was 
scrambled randomly (randomization tool from atmospheric noise), resulting in the master 
randomization list below: 
 

Participant 
Number 

Study Formulation Administration 

Phase A Phase B Phase C 

1 2 3 1 

2 3 1 2 

3 2 3 1 

4 2 3 1 

5 1 2 3 

6 2 3 1 

7 1 2 3 

8 3 1 2 

9 1 2 3 

10 3 1 2 

11 3 1 2 

12 3 1 2 

13 2 3 1 

14 2 3 1 
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15 1 2 3 

16 1 2 3 
 
Due to the open-label nature of the project, no allocation concealment is necessary. The master 
randomization list is disclosed to the study staff. Participants who discontinue for any reason 
will be replaced. Subjects who replace discontinuing subjects and who have taken a treatment 
on day 1 of the first treatment period will receive the number of this subject +100, e.g., subject 
006 will be replaced by subject 106, subject 106 by subject 206, etc. The substitute participant 
will receive the treatment sequence foreseen for the withdrawn subject. In the case of 
discontinuation before drug intake on day 1 of the first treatment period, the substitute 
participant will receive the same number as the subject he replaces. 

Blinding procedures  
Not applicable. 

Other methods of minimising bias  
No other methods. 

Unblinding Procedures (Code break)  
Not applicable. 

STUDY POPULATION  

Eligibility criteria  
Refer to synopsis under “inclusion / exclusion criteria”. 

Recruitment and screening  
Participants will be recruited upon direct invitation by the investigators using an internal 
database of healthy volunteers. In case of insufficient recruitment, a Flyer containing the 
text in the appendix will be published on Clinical Trial platform and in physical form at the 
University Hospital of Basel and forwarded to (medical) students of the University of Basel. 
For details concerning the screening, refer to section 9.3.1. 
Participants will be given 750 CHF as compensation for the overall time of presence. This 
amount is calculated from an estimated time or presence of 30 hours at a remuneration of 
25 CHF per hour. This amount included travel time and costs.  

Assignment to study groups  
Refer to section 2.6.1. 

Criteria for withdrawal / discontinuation of participants  
Participants have the right to withdraw from the study at any time. The investigator may 
withdraw participants from the study in the event of adverse drug reactions, safety reasons, 
protocol violations, or other reasons. A study discontinuation assessment is made at the 
time of the participant’s withdrawal (compare to section 9.2.5). If the reason for removal of 
a participant from the study is an adverse event or an abnormal laboratory test results, this 
will be recorded. Participants with an incomplete number of blood investigational blood 
sampling time points will be replaced until the required number of participants is reached.  
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STUDY INTERVENTION  

Identity of Investigational Products (treatment / medical device)  
For the definition of the study products administered at the three different study phases, 
refer to the synopsis under “study product / intervention”. 

Experimental Intervention (treatment / medical device) 
The following investigational drug delivery systems will be administered: 

1. Hot-melt extruded amorphous solid dispersion of Efavirenz, 50 mg, oral 
administration 

2. Hot-melt extruded amorphous solid dispersion of Efavirenz, 50 mg, homogenized 
to drug rich particles, oral administration 

3. Efavirenz solution, 3 mg, oral administration 

Preparation procedures directly before intake 
Study product 1 

• Buffered water is prepared (see below) 
• The capsule containing 50 mg of Efavirenz as amorphous solid dispersion is 

ingested directly with 500 ml of buffered water 
Study product 2 

• Buffered water is prepared (see below) 
• The content of the capsule containing 50 mg of Efavirenz as amorphous solid 

dispersion is homogenized in 500 ml of buffered water by stirring on a magnetic 
stirrer for 30 min at room temperature. The appearance is a turbid solution. 

• The resulting liquid is ingested directly 
Study product 3 

• Buffered water is prepared (see below) 
• To the buffered water, 3 ml of a stock solution of Efavirenz in ethanol (1 mg/ml) is 

added, resulting in a solution of .3 mg Efavirenz in 500 ml of buffered water 
containing 0.6% ethanol. The appearance is a clears solution. 

• The resulting liquid is ingested directly 
Preparation of buffered water 

• The buffered water is produced by adding 10 ml of Colophos® to 490 ml of bottled 
drinking water which results in phosphate buffer of pH = 6.3. The appearance is a 
clear solution. 

• Colophos® is an oral solution licenced for medicinal use in Switzerland containing 
a concentrated phosphate buffer. The product is diluted with water by factor 50, 
resulting in a total amount of phosphates administered that factor 18 lower than 
the amount of phosphates from a therapy cycle of Colophos® (2 x 90 ml solution). 
Also, this amount of phosphates (3310 mg) lies below the commonly used maximal 
acceptable daily intake of phosphates (70 mg per kg, so 4900 mg for a person of 
70 kg). 

Production of capsules containing 50 mg of Efavirenz as amorphous solid dispersion 
The raw material (extrudate powder) will be produced as follows: A collaboration partner at 
the Peoples’ Friendships University of Moscow will produce and pharmaceutically analyse 
the raw material (extrudate powder) according to local GMP/GLP standards (not 
recognized automatically in Switzerland). This collaboration partner has been audited by 
the sponsor (see audit report). For detailed production procedures of the raw material, refer 
to the investigators’ brochure. The raw material will be imported to Switzerland and dosed 
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into capsules, packaged and labelled by a Swiss Pharmacy (Apotheke Dr. Hyek, Biel) 
following GMP rules for small quantities according to the Swiss Pharmacopoeia. The raw 
material as the final capsules will be analysed for drug content with high performance liquid 
chromatography with a validated method by the sponsor at the University of Basel 
according to European Pharmacopeia regulations. 

Production of the Efavirenz in ethanol stock solution 
The Efavirenz sock solution will be produced, packaged and labelled by a Swiss Pharmacy 
(Apotheke Dr. Hysek, Biel) following GMP rules for small quantities according to the Swiss 
Pharmacopoeia. 

Control Intervention (standard/routine/comparator treatment / medical device)  
Not applicable. 

Packaging, Labelling and Supply (re-supply)  
Also refer to section 8.1.1. 
Solid dosage forms will be administered as capsule, liquid dosage forms as drinking 
solution. 
Solid dosage forms (also the dosage forms used for study product 2) will be packaged 
individually, labelled with a label containing the individual study product number, detailed 
product composition, trial name, name and address of the principal investigator, storage 
conditions, batch number, expiry date, amount of content, name of manufacturer, the 
indication “peroral” and the warning “for clinical trial purposes only!”. 
The Efavirenz stock solution will be labelled accordingly, without an individual study product 
number, but with the individual stock solution number. 
All final products will be supplied by “Apotheke Dr. Hysek”, the products will be transferred 
to the study site in the frame of good distribution practice. 

Storage Conditions  
For more detailed information compare to the Investigators’ Brochure. Generally the 
products do not need special storage conditions (15-25°C, dry storage). The products will 
be kept in a secure, limited access storage area. 

Administration of experimental and control interventions  

Experimental Intervention  
For routes, doses and administration procedures refer to section 8.1.1.  
The time points for investigational blood sampling have been chosen as described in order 
to have a good timely resolution of the absorption process and around the time of the 
expected maximum plasma concentration. Furthermore, the chosen time points 
correspond to the existing data to which study data will be compared (secondary objective). 
Estimated exposure from 50 mg Efavirenz are maximal plasma levels of 100 ng/ml. 
Assuming linear pharmacokinetics, maximal plasma levels of 6 ng/ml are expected from 3 
mg of Efavirenz. 

Control Intervention 
Not applicable. 
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Dose / Device modifications  
Not applicable. 

Compliance with study intervention  
Investigational drug delivery systems will be administered under supervision at the study 
at each study period. The precise date and time of the administration will be documented 
in the CRF. 
In case of non-compliance, the principle investigator judges the severity of non-compliance. 
In case that the study results are most likely not influenced (wrong sampling volume, minor 
shifts in the time of sample collections in the late time points), the participants may continue 
the study. In case a negative influence on the study data cannot be excluded, the 
participants will have to be withdrawn from the study. Data collected to this point can be 
used as study results. 

Data Collection and Follow-up for withdrawn participants  
Any participants that has been exposed to the intervention will be invited to the end-of-
study examination within 7 days after the last intervention. The end-of-study visit will be 
documented as foreseen. Data collected until the withdrawal can be used as study results. 

Trial specific preventive measures 
As minimal sub-therapeutic doses are administered, no effects of the model tracer drug are 
expected. Also, no effects resulting from the mere formulation are expected. 
In case of effects from Efavirenz: There is no specific rescue medication for Efavirenz 
toxicity or overdosing. Application of active coal to remove unabsorbed Efavirenz is 
recommended as well as general clinically supporting measures. Due to the high protein 
binding of EFV, dialysis is not effective to remove EFV from blood. 
To avoid drug-drug interactions, possibly increased the plasma levels of Efavirenz, all 
concomitant medications as well as excessive intake of food products known to be inducers 
or inhibitors of CYP450 from prior to screening until end of study or will be documented at 
screening, 24 hourly during study days in every treatment period and at the end-of-study 
examination. This will be recorded in the concomitant medication section in the CRF with 
detailed information about dose, route and frequency of administration. 

Concomitant Interventions (treatments)  
Not applicable. 

Study Drug / Medical Device Accountability  
Records of investigational drug delivery systems received, administered, or returned are 
kept during the study. This includes an inventory at the study site. These records will 
include dates, quantities, batch/serial numbers, expiry dates, and where applicable the 
unique code number assigned to the trial participants. The research site staff will maintain 
records that document adequately that the patient were provided the investigational drug 
delivery system specified by the study protocol in the CRF.  

Return or Destruction of Study Drug / Medical Device  
Products delivered to the study site that were not used at the end of the study will be 
returned to the sponsor. This transfer will be documented.  
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STUDY ASSESSMENTS  

Study flow chart(s) / table of study procedures and assessments 
For the study flow chart, refer to synopsis under study schedule. 
Also refer to the study schedule. 
Estimated time frames for the visit are: 

• Visits 1 and 14: max. 2 h 
• Visits 2, 6 and 10: max. 13 h (with breaks according to sampling schedule) 
• Visits 3, 4, 5, 7, 8, 9, 11, 12 and 13: max. 30 minutes 

The blood samples will be analysed for plasma levels in a timely fashion. 

Assessments of outcomes  

Assessment of primary outcome  

Blood sampling procedure 
For determination of plasma concentration of EFV, about 5.5 ml of blood will be collected 
by direct venous puncture or via a peripheral i.v. catheter on the forearm by trained study 
personnel in a collection tubes containing EDTA. In order to keep catheters patent, 0.9% 
sodium chloride i.v. drip at a very slow rate, i.e. one drop every 2 to 3 seconds will be 
infused. To avoid any dilution artefacts, the i.v. drip is stopped and 1-2 ml of blood are 
drawn through the catheter and wasted prior to collection of the blood sample. Immediately 
following collection of the required blood volume, the collection tube will be slowly tilted 
backwards and forwards (no shaking) to bring EDTA into solution, and immediately cooled 
on ice. The collection tube will be centrifuges at approximately 1500 G for 10 minutes at 
4°C, and plasma (supernatant) will be transferred into a labelled polypropylene tube. All 
samples will be stored in an upright position at -20°C. 
After the last blood sampling on day 1 of the treatment period (12 h post dosing), the i.v. 
catheter will be removed to facilitate ambulation and avoid clogging of the foreign material. 
Venous sampling on days 2, 3, and 4 of each treatment period will be collected by direct 
venous puncture. 
Every blood sampling will be recorded in the CRF. 

Analytical procedure 
Concentration of EFV in plasma will be determined by using a qualified LC-MS/MS method. 
The foreseen lower limit of quantification is 0.1 ng/ml. Concentrations will be calculated by 
interpolation from a calibration curve. Quality control samples will be analysed throughout 
the study. 

Analysis of pharmacokinetic data 
Also refer to the synopsis under “objectives”, “outcomes” and “statistical considerations”. 
Analysis will be done by standard pharmacokinetic analysis procedures and relations (non-
compartmental analysis, compartmental analysis, data fitting) using pharmacokinetic 
software solutions (e.g. PK-Solver) and Wolfram Mathematica. 

Assessment of secondary outcomes 
Same as section 9.2.1.3, but compared to existing data. 
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Assessment of other outcomes of interest 
Not applicable. 

Assessment of safety outcomes 

Adverse events  
Adverse events will be registered by asking patients at each blood sampling time point and 
at the end-of-study visit. Furthermore, participants are asked to contact the study personnel 
at the appearance of adverse events. Parameters to be recorded are: time of onset, 
duration, resolution, action to be taken, assessment of intensity, relationship with study 
treatment (refer to section 10 for adverse events definition and procedures). Adverse 
events in the form of laboratory deviations will be recorded at the end-of-study visit or if 
indicated by adverse event symptoms. 

Laboratory parameters 
Laboratory parameters will be assessed as detailed in section 9.3.1. at both the screening 
visit (visit 1) and the end-of-study visit (visit 14). 
Sampling procedures and ranges for these parameters are according to the study-site 
laboratory. Clinical relevance is judged be the principal investigator. 

Vital signs 
Vital signs will be assed according to the study schedule in supine position after 5 minutes 
resting according to study schedule. 

Assessments in participants who prematurely stop the study 
Participants who are withdrawn from the study or who prematurely stop the study will be 
asked to participate in the regular end-of-study visit within 7 days. 

Procedures at each visit 

Screening Visit (visit 1) 
Also refer to the study schedule. 
At the beginning of the study visit, written informed consent will be obtained from each 
participant participating in this study after adequate explanation of the aims, methods, 
objectives and potential risks of the study. The informed consent has to be signed by the 
participants wishing to participate in the study prior to any study procedure. All biological 
samples and health-related personal data will be de-identified at the time of sample 
collection using sample identification codes.  
Inclusion and exclusion criteria will be checked according to demographics, 
anthropometrics (height and weight), medical history, physical examination, laboratory 
tests, ECG, concomitant medication and vital signs (according to study schedule).  
In more detail, the physical examination includes:  

• Measurement of body temperature, a review of organ systems including lungs, 
heart, abdomen, liver, kidneys, and peripheral pulses, eyes, nose, throat, skin, and 
short neurological status. 

The laboratory workup details as follows: 
• Safety laboratory screening (red blood cell count, hematocrit, hemoglobin, platelet 

count, white blood cell count with differential (neutrophils, eosinophils, basophils, 
monocytes, and lymphocytes), AST, ALT, AP, CK, total bilirubin, creatinine, total 
protein, albumin, INR, electrolytes (sodium, potassium, calcium, chloride). 
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• Blood samples collected at the study site for determination of safety laboratory will 
be analyzed in the central clinical chemistry laboratory. 

Visits 2, 6, 10 
Also refer to the study schedule. 
Participants will arrive at the study site in a fasted state (no intake of solid foods after dinner 
the previous day, consumption of water only afterwards). Any adverse events and 
concomitant medications or treatments are recorded. Participants will be randomized to a 
treatment sequence (1-2-3, 2-3-1 or 3-1-2) as outlined in section 6.2.1. 
A peripheral venous line for repeated blood sampling will be placed and pre-dose sample 
will be drawn as well as vital signs (supine blood pressure and heart rate) will be recorded. 
Participants will then receive treatment (1, 2, or 3) depending on the treatment sequence 
the participant was randomized to. Compliance with intake will be verified. Peripheral 
venous samples will be drawn at the time points specified in the study schedule. 
Assessment of vital signs and adverse events will as well be recorded according to study 
schedule. Four hours post dose, participants are free to eat and drink (except alcoholic and 
caffeinated beverages). Participants will be offered a lunch, a snack and a dinner, which is 
voluntary to eat at 4h, 8h, and 10h post dose. After the final blood sampling of the day (12 
hours post dose), the indwelling i.v. catheter will be removed and the participants are 
discharged. 

Visits 3, 4, 5, 7, 8, 9, 11, 12, 13 
Also refer to the study schedule. 
Participants will arrive at the study site 15 min before sampling time point. Any adverse 
event and concomitant medications are recorded. A peripheral venous blood sample will 
be drawn. Along with the sampling, the participant’s vital signs (RR, HR) will be recorded. 
After the procedure, the participant is discharged. 

End-of-study visit (visit 14) 
Also refer to the study schedule. 
Participants will arrive at the study centre in fasted state (no intake of solid foods after 
dinner the previous day, consumption of water only afterwards). Vital signs will be 
assessed, a physical examination, a laboratory workup, and a ECG will be performed.  
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SAFETY  

Drug studies 
The Sponsor’s SOPs provide more detail on safety reporting. 
The Swiss law on clinical research (human research act HRA and its ordinance ClinO) does 
not require the documentation of AEs for Category A drug trials. During the entire duration 
of the study, all serious adverse events (SAEs) are collected, fully investigated and 
documented in source documents and case report forms (CRF). The same can be done 
for adverse events (AE) if the principal investigator decides to. The study duration 
encompasses the time from when the participant signs the informed consent until the last 
protocol-specific procedure has been completed, including a safety follow-up period.  

Definition and assessment of (serious) adverse events and other safety related 
events 

An Adverse Event (AE) is any untoward medical occurrence in a patient or a clinical 
investigation participant administered a pharmaceutical product and which does not 
necessarily have a causal relationship with the study procedure. An AE can therefore be 
any unfavourable and unintended sign (including an abnormal laboratory finding), 
symptom, or disease temporally associated with the use of a medicinal (investigational) 
product, whether or not related to the medicinal (investigational) product. [ICH E6 1.2] 
A Serious Adverse Event (SAE) is classified as any untoward medical occurrence that: 

• results in death, 
• is life-threatening, 
• requires in-patient hospitalization or prolongation of existing hospitalisation, 
• results in persistent or significant disability/incapacity, or 
• is a congenital anomaly/birth defect. 

In addition, important medical events that may not be immediately life-threatening or result 
in death, or require hospitalisation, but may jeopardise the patient or may require 
intervention to prevent one of the other outcomes listed above should also usually be 
considered serious. [ICH E2A] 
SAEs should be followed until resolution or stabilisation. Participants with ongoing SAEs at 
study termination (including safety visit) will be further followed up until recovery or until 
stabilisation of the disease after termination.  

Assessment of Causality 
Both Investigator and Sponsor-investigator make a causality assessment of the event to 
the study drug, based on the criteria listed in the ICH E2A guidelines: 

Relationship Description 

Definitely Temporal relationship 
Improvement after dechallenge* 
Recurrence after rechallenge 
(or other proof of drug cause) 

Probably Temporal relationship 
Improvement after dechallenge 
No other cause evident 

Possibly Temporal relationship 
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Other cause possible 

Unlikely Any assessable reaction that does not fulfil the above 
conditions 

Not related Causal relationship can be ruled out 

*Improvement after dechallenge only taken into consideration, if applicable to reaction 

 

Unexpected Adverse Drug Reaction 
An “unexpected” adverse drug reaction is an adverse reaction, the nature or severity of 
which is not consistent with the applicable product information (e.g. Investigator’s Brochure 
for drugs that are not yet approved and Product Information for approved drugs, 
respectively). [ICH E2A] 

Suspected Unexpected Serious Adverse Reactions (SUSARs) 
The Sponsor-Investigator evaluates any SAE that has been reported regarding 
seriousness, causality and expectedness. If the event is related to the investigational drug 
delivery system and is both serious and unexpected, it is classified as a SUSAR.  

Assessment of Severity 
Severity will be described in accordance with the 'Common Terminology Criteria for 
Adverse Events 
CTCAE Version 5 [30]. 

Reporting of serious adverse events (SAE) and other safety related events  

Reporting of SAEs 
All SAEs must be reported immediately and within a maximum of 24 hours to the Sponsor-
Investigator of the study. The Sponsor-Investigator will re-evaluate the SAE and return the 
form to the site. 
SAEs resulting in death are reported to the Ethics Committee via BASEC within 7 days. 

Reporting of SUSARs 
A SUSAR needs to be reported to the Ethics Committee (local event via local Investigator) 
via BASEC and to Swissmedic for category B and C studies (via Sponsor-Investigator) 
within 7 days, if the event is fatal, or within 15 days (all other events). 

Reporting of Safety Signals 
All suspected new risks and relevant new aspects of known adverse reactions that require 
safety-related measures, i.e. so called safety signals, must be reported to the Sponsor-
Investigator within 24 hours. The Sponsor-Investigator must report the safety signals within 
7 days to the Ethics Committee (local event via local Investigator) via BASEC. 

Periodic reporting of safety 
An annual safety report is submitted once a year to the local Ethics Committee via local 
Investigator. 
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Follow up of (Serious) Adverse Events 
The investigator will ensure that all reasonable measures are undertaken that adverse events 
are followed up until resolution. In all cases, the investigator will ensure the subject receives 
medical follow-up as necessary until the condition has stabilized or returned to normal state, 
even if the period of the trial is over. 
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STATISTICAL METHODS  

Hypothesis 
Also refer to synopsis under “statistical considerations”). There is no general null 
hypothesis used as the study aims to gain mechanistic insights into the bioavailability 
mechanisms of HADDS. 
Where it is possible to compare specific pharmacokinetic parameters, the first null 
hypothesis is that there is no difference between these parameters when comparing 
between formulations and with existing data. If this hypothesis can be rejected, a significant 
difference between the corresponding parameters can be shown. 
In case of comparable pharmacokinetic parameters, the second null hypothesis is that 
there is a difference between these parameters when comparing between formulations and 
with existing data. If this hypothesis can be rejected, a significant equivalence between the 
corresponding parameters can be shown. 
Mechanistic conclusion will be made from the overall of these comparisons and further 
gained information (e.g. in vivo dissolution). 

Determination of Sample Size  
Refer to the synopsis under “number of participants with rationale”. 

Statistical criteria of termination of trial  
Not applicable. 

Planned Analyses  
Data analysis will be performed after the termination of the study. Refer to synopsis under 
“statistical considerations”. 

Datasets to be analysed, analysis populations 
All participants with a complete dataset will be included into the analysis concerning primary 
objectives. A complete dataset is defined having sampled all foreseen blood samples. 
Concerning secondary objectives, also results for incomplete datasets will be included. 

Primary Analysis 
Refer to synopsis under “statistical considerations”. 

Secondary Analyses 
Refer to synopsis under “statistical considerations”. 

Interim analyses 
No interim analysis is planned. 

Safety analysis 
As this study does not contain a comparative group concerning safety outcomes, safety 
statistics are difficult to interpret. However, a comparison between treatment 1 and 3 as 
well as 2 and 3 can be made. This comparison will be made by counting any observed 
adverse events using z-statistics. This analysis will be done within 7 days after any adverse 
drug reaction report and updated until completion of the study. This statistics will be done 
by the sponsor. 
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Deviation(s) from the original statistical plan  
Deviations from the statistical plan will, where necessary, be justified and reported in the 
final study report to the CEC. 

Handling of missing data and drop-outs  
Refer to section 11.4.1. Participants with incomplete datasets will be replaced by new 
participants to reach sample size. 
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QUALITY ASSURANCE AND CONTROL 

In general, the Quality assurance will be performed according to the internal guideline of 
the Clinical Trial Unit of the University of Basel (Department Clinical Research). 
Audits by regulatory authorities during study or after study closure may be performed to 
ensure proper study conduct and data handling procedures according to ICH-GCP 
guidelines and regulatory requirements. Audits and inspections may include verification of 
all source documents and site files and a visual inspection of the study site. Direct access 
to all documents and places at study site is mandatory.  
Processing of biological samples will only be conducted by trained laboratory personnel of 
the Center for Laboratory Medicine, University Hospital Basel. All used laboratory methods 
will be validated and appropriate quality control measures will be included in all analyses. 

Data handling and record keeping / archiving  
The investigator must maintain adequate records to enable the conduct of the study to be 
fully documented. Copies of protocols, Case Report Forms (CRFs), originals of test result 
reports, any logs, correspondence, records of informed consent and other documents 
pertaining to the conduct of the study must be kept on file by the investigator for a period 
of time specified by local law for the preservation of hospital patient documents. 

Case Report Forms  
All actions performed on each the participants are recorded on a participant specific CRF 
(paper). The CRF will be continuously updated and kept current. The participant’s initials 
or birth date will not be mentioned in the CRF. The CRF shall only be edited trained 
personnel according to their competences. All actions are signed by the corresponding 
personnel. 
Source data will be available at the site to document the existence of study participants. 
This includes all original documents relating to the study (signed Informed Consent Forms, 
CRFs, any results from diagnostics/measurements, AE forms, SAE forms) a s well as the 
medical history of the participant. 
Documents can be found in the office of the study nurses. 

Record keeping / archiving  
All study data must be archived for a minimum of 10 years after study termination or 
premature termination of the clinical trial. 

Data management  

Data Management System  
As the trial will be conducted on paper, no data management system will be used. 

Data security, access and back-up  
Electronic Data will be stored on University/University Hospital servers where backup is 
guaranteed. Only users with the respective login will have access to the data according to 
their function in the study, from the beginning of the study until the end of declared storage 
times. 
Data on paper will be stored in the rooms of the clinical trial unit. 
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Analysis and archiving 
Encoded plasma concentration – time data will be generated in the MS/MS software 
Analyst and will be transferred to the pharmacokinetic analysis software WinNonlin. The 
system is used by members of the designated laboratory (Clinical Pharmacology Group) 
and has been tested in previous clinical trials. 
Where data will be transferred from paper to software (e.g. time data), the data entry will 
be verified by a second person. 
Also refer to section 12.1. 

Electronic and central data validation  
The complete data will be validated for feasibility. Due to the small number of participants 
no further measures are planned. 

Monitoring  
The trial will be monitored by the Clinical Trial Unit Basel according to the monitoring plan. 

Audits and Inspections  
Inspections by regulatory authorities during study or after study closure might be performed 
to ensure proper study conduct and data handling procedures according to ICH-GCP 
guidelines and regulatory requirements. Inspections may include verification of all source 
documents, check of CRFs and site files, and a visual inspection of the study site. 
Audits and inspections will be independent from sponsor and investigator. Study 
documentation and the source data/documents will be made accessible to 
auditors/inspectors (also CEC and CA) and questions will be answered during inspections. 
All involved parties must keep the participant data strictly confidential. 

Confidentiality, Data Protection  
The investigator will assure that subject's anonymity will be maintained. At study inclusion, 
a subject number is assigned to each subject. On CRFs, samples will not be identified by 
names but by subject number. Data analysis is also performed using anonymized data 
files. The investigator will keep a log of subjects' numbers, names, and addresses. This 
log, which links personal information and study data, will be destroyed after study 
completion. 

Storage of biological material and related health data  
Blood samples can  be stored as plasma up to ten years. Study data will be stored for 10 
years or longer. Material or data might be used further for other purposes if consent is 
provided by the specific subject. 
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PUBLICATION AND DISSEMINATION POLICY  

Publication of the results of this study in an appropriate scientific journal and presentations 
or posters at congresses is attempted. Guidelines for scientific writing and conduct of 
research of the corresponding journal will be followed. The authority over the publication 
process lies within the research groups. Participants may wish to be informed about the 
publication of the results. 
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FUNDING AND SUPPORT  

Funding  
This is an investigator-initiated research project, entirely financed by the Division of 
Pharmaceutical Technology, Department of Pharmaceutical Sciences, University of Basel 
in collaboration with the Division of Clinical Pharmacology and Toxicology, Department 
Biomedicine, University of Basel and University Hospital of Basel.  
There is no conflict of interest on a financial, scientific, intellectual, proprietary or personal 
level for the ethical and independent conduct of this study. 

Other Support  
All other parties that are involved in the conduction of the trail are payed according to the 
corresponding contracts. 

INSURANCE  

Risk category A studies do not need to be insured. 
  



BEAD-Study: Approved Protocol 

172 

REFERENCES  

[1] S.K. Balani, L.R. Kauffman, F.A. deLuna, J.H. Lin, Nonlinear Pharmacokinetics of 
Efavirenz (DMP-266), a Potent HIV-1 Reverse Transcriptase Inhibitor, in Rats and 
Monkeys, Drug Metab Dispos. 27 (1999) 41–45. 

[2] R. Nirogi, G. Bhyrapuneni, V. Kandikere, N. Muddana, R. Saralaya, P. Komarneni, K. 
Mudigonda, K. Mukkanti, Pharmacokinetic profiling of efavirenz–emtricitabine–
tenofovir fixed dose combination in pregnant and non-pregnant rats, Biopharm. Drug 
Dispos. 33 (2012) 265–277. doi:10.1002/bdd.1794. 

[3] M. Donzelli, A. Derungs, M.-G. Serratore, C. Noppen, L. Nezic, S. Krähenbühl, M. 
Haschke, The Basel Cocktail for Simultaneous Phenotyping of Human Cytochrome 
P450 Isoforms in Plasma, Saliva and Dried Blood Spots, Clin Pharmacokinet. 53 
(2014) 271–282. doi:10.1007/s40262-013-0115-0. 

[4] M. Camblin, B. Berger, M. Haschke, S. Krähenbühl, J. Huwyler, M. Puchkov, 
CombiCap: A novel drug formulation for the basel phenotyping cocktail, International 
Journal of Pharmaceutics. 512 (2016) 253–261. doi:10.1016/j.ijpharm.2016.08.043. 

[5] A.M. Agrawal, M.S. Dudhedia, E. Zimny, Hot Melt Extrusion: Development of an 
Amorphous Solid Dispersion for an Insoluble Drug from Mini-scale to Clinical Scale, 
AAPS PharmSciTech. 17 (2015) 133–147. doi:10.1208/s12249-015-0425-7. 

[6] R. Fule, V. Paithankar, P. Amin, Hot melt extrusion based solid solution approach: 
Exploring polymer comparison, physicochemical characterization and in-vivo 
evaluation, International Journal of Pharmaceutics. 499 (2016) 280–294. 
doi:10.1016/j.ijpharm.2015.12.062. 

[7] R. Fule, D. Dhamecha, M. Maniruzzaman, A. Khale, P. Amin, Development of hot melt 
co-formulated antimalarial solid dispersion system in fixed dose form (ARLUMELT): 
Evaluating amorphous state and in vivo performance, International Journal of 
Pharmaceutics. 496 (2015) 137–156. doi:10.1016/j.ijpharm.2015.09.069. 

[8] L. Kate, V. Gokarna, V. Borhade, P. Prabhu, V. Deshpande, S. Pathak, S. Sharma, V. 
Patravale, Bioavailability enhancement of atovaquone using hot melt extrusion 
technology, European Journal of Pharmaceutical Sciences. 86 (2016) 103–114. 
doi:10.1016/j.ejps.2016.03.005. 

[9] A. Mitra, L. Li, P. Marsac, B. Marks, Z. Liu, C. Brown, Impact of polymer type on 
bioperformance and physical stability of hot melt extruded formulations of a poorly 
water soluble drug, International Journal of Pharmaceutics. 505 (2016) 107–114. 
doi:10.1016/j.ijpharm.2016.03.036. 

[10] D. Xia, H. Yu, J. Tao, J. Zeng, Q. Zhu, C. Zhu, Y. Gan, Supersaturated polymeric 
micelles for oral cyclosporine A delivery: The role of Soluplus–sodium dodecyl sulfate 
complex, Colloids and Surfaces B: Biointerfaces. 141 (2016) 301–310. 
doi:10.1016/j.colsurfb.2016.01.047. 

[11] H. Yu, D. Xia, Q. Zhu, C. Zhu, D. Chen, Y. Gan, Supersaturated polymeric micelles for 
oral cyclosporine A delivery, European Journal of Pharmaceutics and 
Biopharmaceutics. 85 (2013) 1325–1336. doi:10.1016/j.ejpb.2013.08.003. 

[12] Y. Zhang, Y. Liu, Y. Luo, Q. Yao, Y. Zhong, B. Tian, X. Tang, Extruded Soluplus/SIM 
as an oral delivery system: characterization, interactions, in vitro and in vivo 
evaluations, Drug Delivery. 23 (2016) 1902–1911. 
doi:10.3109/10717544.2014.960982. 

[13] H. Musther, A. Olivares-Morales, O.J.D. Hatley, B. Liu, A. Rostami Hodjegan, Animal 
versus human oral drug bioavailability: Do they correlate?, Eur J Pharm Sci. 57 (2014) 
280–291. doi:10.1016/j.ejps.2013.08.018. 



Appendix 

173 

[14] K. Six, T. Daems, J. de Hoon, A. Van Hecken, M. Depre, M.-P. Bouche, P. Prinsen, G. 
Verreck, J. Peeters, M.E. Brewster, G. Van den Mooter, Clinical study of solid 
dispersions of itraconazole prepared by hot-stage extrusion, European Journal of 
Pharmaceutical Sciences. 24 (2005) 179–186. doi:10.1016/j.ejps.2004.10.005. 

[15] N. Shah, R.M. Iyer, H.-J. Mair, D.S. Choi, H. Tian, R. Diodone, K. Fähnrich, A. Pabst-
Ravot, K. Tang, E. Scheubel, J.F. Grippo, S.A. Moreira, Z. Go, J. Mouskountakis, T. 
Louie, P.N. Ibrahim, H. Sandhu, L. Rubia, H. Chokshi, D. Singhal, W. Malick, Improved 
human bioavailability of vemurafenib, a practically insoluble drug, using an amorphous 
polymer-stabilized solid dispersion prepared by a solvent-controlled coprecipitation 
process, J. Pharm. Sci. 102 (2013) 967–981. doi:10.1002/jps.23425. 

[16] Y. Prasannaraju, V. Chowdary, V. Jayasri, G. Asuntha, N. Kumar, K. Murthy, R. Nair, 
Bioavailability and Pharmacokinetic Studies of Rofecoxib Solid Dispersion, Current 
Drug Delivery. 10 (2013) 701–705. doi:10.2174/15672018113109990039. 

[17] J.J. Moes, S.L.W. Koolen, A.D.R. Huitema, J.H.M. Schellens, J.H. Beijnen, B. Nuijen, 
Pharmaceutical development and preliminary clinical testing of an oral solid dispersion 
formulation of docetaxel (ModraDoc001), International Journal of Pharmaceutics. 420 
(2011) 244–250. doi:10.1016/j.ijpharm.2011.08.041. 

[18] J. Moes, S. Koolen, A. Huitema, J. Schellens, J. Beijnen, B. Nuijen, Development of 
an oral solid dispersion formulation for use in low-dose metronomic chemotherapy of 
paclitaxel, European Journal of Pharmaceutics and Biopharmaceutics. 83 (2013) 87–
94. doi:10.1016/j.ejpb.2012.09.016. 

[19] S. Marchetti, F. Stuurman, S. Koolen, J. Moes, J. Hendrikx, B. Thijssen, A.D.R. 
Huitema, B. Nuijen, H. Rosing, M. Keessen, E.E. Voest, M. Mergui-Roelvink, J.H. 
Beijnen, J.H.M. Schellens, Phase I study of weekly oral docetaxel (ModraDoc001) plus 
ritonavir in patients with advanced solid tumors., ASCO Meeting Abstracts. 30 (2012) 
2550. 

[20] G. Krishna, L. Ma, M. Martinho, R.A. Preston, E. O’Mara, A new solid oral tablet 
formulation of posaconazole: a randomized clinical trial to investigate rising single- and 
multiple-dose pharmacokinetics and safety in healthy volunteers, J. Antimicrob. 
Chemother. 67 (2012) 2725–2730. doi:10.1093/jac/dks268. 

[21] A.A. Aboelwafa, R.H. Fahmy, A pilot human pharmacokinetic study and influence of 
formulation factors on orodispersible tablet incorporating meloxicam solid dispersion 
using factorial design, Pharmaceutical Development and Technology. 17 (2012) 1–14. 
doi:10.3109/10837450.2010.495396. 

[22] S. Kalepu, V. Nekkanti, Insoluble drug delivery strategies: review of recent advances 
and business prospects, Acta Pharm Sin B. 5 (2015) 442–453. 
doi:10.1016/j.apsb.2015.07.003. 

[23] R. Lipp, The Innovator Pipeline: Bioavailability Challenges and Advanced Oral Drug 
Delivery Opportunities, 16 (2013). 
http://www.americanpharmaceuticalreview.com/Featured-Articles/135982-The-
Innovator-Pipeline-Bioavailability-Challenges-and-Advanced-Oral-Drug-Delivery-
Opportunities/ (accessed September 21, 2017). 

[24] M.J. Waring, J. Arrowsmith, A.R. Leach, P.D. Leeson, S. Mandrell, R.M. Owen, G. 
Pairaudeau, W.D. Pennie, S.D. Pickett, J. Wang, O. Wallace, A. Weir, An analysis of 
the attrition of drug candidates from four major pharmaceutical companies, Nat Rev 
Drug Discov. 14 (2015) 475–486. doi:10.1038/nrd4609. 

[25] N. Ford, L. Mofenson, Z. Shubber, A. Calmy, I. Andrieux-Meyer, M. Vitoria, N. Shaffer, 
F. Renaud, Safety of efavirenz in the first trimester of pregnancy: an updated 
systematic review and meta-analysis, AIDS. 28 (2014) S123. 



BEAD-Study: Approved Protocol 

174 

doi:10.1097/QAD.0000000000000231. 
[26] WHO, Use of efavirenz during pregnancy:  a public health perspective, (2012). 
[27] swissmedic, Product information - Stocrin, (n.d.). http://www.swissmedicinfo.ch/ 

(accessed October 15, 2018). 
[28] M.F. Chersich, M.F. Urban, F.W. Venter, T. Wessels, A. Krause, G.E. Gray, S. 

Luchters, D.L. Viljoen, Efavirenz use during pregnancy and for women of child-bearing 
potential, AIDS Res Ther. 3 (2006) 11. doi:10.1186/1742-6405-3-11. 

[29] EMA, Stocrin Approval - Scientific Discussion, (2004). 
[30] Common Terminology Criteria for Adverse Events (CTCAE) | Common Terminology 

Criteria for Adverse Events (CTCAE) | Protocol Development | CTEP, (n.d.). 
https://ctep.cancer.gov/protocolDevelopment/electronic_applications/ctc.htm#ctc_50 
(accessed December 27, 2018). 

 
  



Appendix 

175 

APPENDICES 

 
1. Investigators brochure 
2. Participant information sheet and ICF 
3. Case report form 
4. Monitoring plan 
5. Contract with manufacturer (RUDN Moscow) 
6. Contract with manufacturer (Apotheke Dr. Hysek) 
7. Contract with monitoring organization (CTU Basel) 
8. Flyer Text 
 

 

 

 

  



BEAD-Study: Approved Protocol 

176 

 

 

 

  



Abbreviations 

177 

Abbreviations  

AFD Amorphe Feststoffdispersionen 

API Active pharmaceutical ingredient 

ASD Amorphous solid dispersion 

AUC Area under the curve 

BCS Biopharmaceutics classification system 

CYP Cytochrome P450 

DDS Drug delivery system 

EMA European medicines agency 

FDA United States Food and Drug Agency 

GCP Good clinical practice 

GLP Good laboratory Praxis 

GMP Good manufacturing practice 

HAART Highly active antiretroviral therapy 

HIV Human immunodeficiency virus 

HME Hot-melt extrusion 

HPMCP Hydroxypropyl methylcellulose phthalate 

IVIVC In vitro – in vivo correlation 

LBDDS Lipid based drug delivery system 

MRT Mean residence time 

PAMPA parallel artificial membrane permeability assay 

PAT Process analytical technology 

PBPK Physiologically based pharmacokinetic modeling 

SEDDS Self-emulsifying drug delivery system 

SLN Solid lipid nanoparticles 

TTD Time to dissolution 
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