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Abstract 

Microdialysis represents a minimally invasive sampling technique to collect samples and also to 

administer drugs at target site, which was first introduced in 1974 by Ungerstedt and Pycock to 

sample endogenous dopamine from rat brain [1]. Until then, the only methods available to obtain in 

vivo concentrations of analytes were tissue destroying or only possible with a limited number of 

repetitions of sample taking. In contrast, since the method of microdialysis was introduced, the 

advantages over more invasive methods due to its minimally invasive character were repeatedly 

shown in clinical studies. In addition, microdialysis enables the continuous sampling of analytes over 

a predefined time interval, allowing the determination of concentration-time profiles of analytes 

over hours and even days without loss of body fluids, associated with other sampling methods. 

Moreover, samples can be taken directly from the target site (for example of an infection) located in 

virtually every tissue. Especially in the research field of infectious diseases the method is often used, 

particularly when investigating the sources of antimicrobial resistance. At present, research tackling 

antimicrobial resistance is not primarily focussing on bacterial or viral pathogens any more, but 

gradually shifting its focus also towards fungal infections. These infections are on the rise but still 

remain underestimated in comparison to the threads caused by bacteria.  

Since microdialysis is an important technique for sampling pharmacologically active analytes, the 

number of in vivo clinical studies using microdialyis increased. However, thorough in vitro 

investigations to characterise the analyte and ensure optimal study conditions prior to in vivo studies 

are often missing/not performed. Due to the significance of these in vitro investigations and rising 

importance of antifungal research, the two first-line antifungals anidulafungin and voriconazole were 

investigated with the static and dynamic in vitro microdialysis system in the present thesis. Thus, in a 

first step a bioanalytical assay for the quantification of anidulafungin samples from in vitro 

microdialysis was developed and validated. A previous bioanalytical assay [2] for quantitative analysis 

of voriconazole in vitro samples from microdialysis, was further revised and validated. Both assays, 

for anidulafungin and voriconazole, were validated according to the Guideline on bioanalytical 

method validation [3]. 

After development of the bioanalytical assay, in vitro microdialysis of anidulafungin was performed. 

As described for in vitro microdialysis investigations, the aim was to investigate and proof the 

feasibility of anidulafungin for microdialysis as a prerequisite for potential in vivo clinical studies. 

Anidulafungin was found to adsorb on catheter material in the static in vitro microdialysis system and 

therefore to bias the forthcoming results. In order to enable in vivo investigations despite adsorption, 

various parameters were investigated, for example catheter design (20 kDa or 100 kDa cut-off), 
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perfusate composition (different combinations of Ringer’s solution and human serum albumin, 

dextran) and pre-coating of catheters with caspofungin or anidulafungin. The investigations 

ultimately resulted in the recommendation to perform in vivo microdialysis after an equilibration 

time of at least 3 h in steady state at the target site to allow for equilibration of the adoption process 

with a perfusate of Ringer’s solution and human serum albumin (0.5%) in catheters with 100 kDa cut-

off.  

Previous investigations on voriconazole using static in vitro microdialysis by Simmel et al. resulted in 

a relative recovery of approximately 100% [4]. To verify the results, a shortened in vitro microdialysis 

investigation was performed with the static in vitro microdialysis system. The dependence of relative 

recovery and relative delivery on flow rate and independence of relative recovery and relative 

delivery on concentration was investigated with the static microdialysis system. Since voriconazole is 

an easy to handle drug and the results for relative recovery were also close to 100%, it is an ideal 

drug for the first investigations with the dynamic in vitro microdialysis system. Thus, the developed 

bioanalytical methods and the static in vitro microdialysis system were used to develop a dynamic in 

vitro microdialysis system to mimic concentration-time profiles of analytes, to gain further 

knowledge of the microdialysis specific characteristics of the analyte in vivo. The validation of the 

system demonstrated that it is possible to perform in vitro microdialysis with this model. First, 

concentration-time profiles of anidulafungin and voriconazole were predicted in silico, based on in 

vivo data from clinical studies. Then, the concentration-time profiles were mimicked in vitro with the 

dynamic microdialysis system. Finally, microdialysis with subsequent calibration by retrodialysis of 

the single drugs was performed. The resulting microdialysis concentration-time profiles for 

voriconazole had a high accuracy compared to the concentration in the medium mimicking the 

tissue, whereas experiments with anidulafungin resulted in a misleading prediction of concentrations 

due to adsorption of the analyte on catheter material. 

During this work, it was emphasised that it is indispensable to perform adequate in vitro 

microdialysis before starting in vivo studies. Apart from experiments with the static in vitro 

microdialysis system on flow rate, concentration and perfusate also investigations based on 

concentration-time profiles of the analyte (i.e. decision about calibration technique) should be 

conducted for a more detailed characterisation of the analyte of interest and thus reliable clinical 

results. 
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Zusammenfassung 

Bei der Mikrodialyse handelt es sich um eine minimalinvasive Technik zur Probennahme sowie zur 

Applikation von Arzneistoffen am Wirkort, die erstmals 1974 von Ungerstedt und Pycock vorgestellt 

wurde, um Proben von endogenem Dopamin im Gehirn von Ratten zu gewinnen [1]. Bis zu diesem 

Zeitpunkt waren die einzigen zur Verfügung stehenden Methoden, um in vivo Konzentrationen der 

Analyten zu erhalten, invasiver Natur bzw. Gewebe zerstörend oder die Probennahme war nur 

begrenzt wiederholbar. Seit die Methode der Mikrodialyse eingeführt wurde, wurde der Vorteil über 

invasivere Methoden durch ihren minimal invasiven Charakter wiederholt in klinischen Studien 

bewiesen. Zusätzlich ermöglicht die Mikrodialyse das kontinuierliche Sammeln von Analyten über ein 

vorher definiertes Zeitintervall, und erlaubt die Bestimmung von Konzentrations-Zeit Profilen von 

Analyten über Stunden und sogar Tage ohne gleichzeitigen Flüssigkeitsverlust, welcher beispielweise 

mit anderen Probenahme-Methoden assoziiert ist. Darüber hinaus können Proben direkt am Wirkort 

(z.B. einer Infektion) aus nahezu jedem Gewebe gewonnen werden. Insbesondere auf dem 

Forschungsgebiet der Infektionskrankheiten wird die Methode häufig eingesetzt, vor allem wenn es 

um die Erforschung der Herkunft antimikrobieller Resistenzen geht. Zurzeit richtet sich der Fokus der 

Forschung zur Bekämpfung der antimikrobiellen Resistenz nicht mehr nur auf bakterielle oder virale 

Krankheitserreger, sondern verschiebt sich auch in Richtung Pilzinfektionen. Diese Infektionen 

werden aber noch immer unterschätzt im Vergleich zu den Bedrohungen verursacht durch Bakterien. 

Infolge der gewachsenen Bedeutung der Mikrodialyse als wichtige Technik zum Sammeln von 

pharmakologisch aktiven Analyten ist die Zahl der in vivo klinischen Studien gestiegen, die die 

Mikrodialyse nutzen. Allerdings wurden vor dem Start der In-vivo-Studien gründliche In-vitro-

Experimente, um den Analyten zu charakterisieren und optimale Studienbedingungen zu 

gewährleisten, oftmals nicht durchgeführt.  

Aufgrund der Unerlässlichkeit dieser In-vitro-Experimente und der zunehmenden Bedeutung 

antimykotischer Forschung wurden die zwei Antimykotika zur Primärbehandlung, Anidulafungin und 

Voriconazol, mit dem statischen und dem dynamischen In-vitro-Mikrodialysesystem in der 

vorliegenden Dissertation untersucht. Dazu wurde in einem ersten Schritt ein bioanalytischer Assay 

für die Quantifizierung von Anidulafungin In-vitro-Mikrodialyseproben entwickelt und validiert. Ein 

vorhergehender bioanalytischer Assay [2] für die Quantifizierung von Voriconazol in vitro 

Mikrodialyseproben wurde überarbeitet und validiert. Beide Assays, für Anidulafungin und 

Voriconazol, wurden gemäß der Guideline für bioanalytische Methodenvalidierung [3] validiert. Nach 

der Entwicklung des bioanalytischen Assays für Anidulafungin wurde die neue in vitro Mikrodialyse-

Methode durchgeführt. 
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Das Ziel war, die Durchführbarkeit der Mikrodialyse von Anidulafungin als Voraussetzung für 

mögliche in vivo klinische Studien zu untersuchen. Es wurde festgestellt, dass Anidulafungin an 

Katheter-Material des statischen In-vitro-Mikrodialysesystems adsorbiert und dadurch die 

zukünftigen Ergebnisse verfälschen würde. Um In-vivo-Untersuchungen trotz der Adsorption zu 

ermöglichen, wurden eine Vielzahl an Parametern untersucht, z.B. das Design des Katheters (20 kDa 

oder 100 kDa Cut-off), die Zusammensetzung des Perfusats (verschiedene Kombinationen von 

Ringer-Lösung mit humanem Serumalbumin, Dextran) und die Vor-Benetzung der Katheter mit 

Caspofungin oder Anidulafungin. Die Untersuchungen resultierten schließlich in der Empfehlung, die 

In-vivo-Mikrodialyse nach einer Equilibrierung von mindestens 3 Stunden im Konzentrations-

Gleichgewicht (steady state) am Wirkort durchzuführen, um die Anpassungsprozesse des Perfusats 

aus Ringer-Lösung und humanem Serumalbumin (0.5%) in Kathetern mit 100 kDa Cut-off ins 

Gleichgewicht zu bringen. 

Vorhergehende Untersuchungen von Voriconazol mit der statischen In-vitro-Mikrodialyse von 

Simmel et al. ergaben eine Relative Recovery von annähernd 100% [4]. Um die Ergebnisse zu 

überprüfen, wurde eine komprimierte In-vitro-Mikrodialyse-Untersuchung mit dem statischen In-

vitro-Mikrodialysesystem durchgeführt. Die Abhängigkeit der Relative Recovery und Relative Delivery 

von der Flussrate und die Unabhängigkeit der Relative Recovery und Relative Delivery von der 

Konzentration wurden mit dem statischen Mikrodialysesystem untersucht. Aufgrund der einfachen 

Handhabung von Voriconazol und dem Ergebnis der Relative Recovery von nahezu 100%, ist 

Voriconazol ein idealer Arzneistoff für die ersten Untersuchungen mit dem dynamischen In-vitro-

Mikrodialysesystem. Die entwickelten bioanalytischen Methoden und das statische In-vitro-

Mikrodialysesystem wurden genutzt, um ein dynamisches In-vitro-Mikrodialysesystem zu entwickeln, 

welches die Konzentrations-Zeit-Profile von Analyten nachahmen kann, damit zusätzliches Wissen 

über die In-vivo-Mikrodialyse spezifischen Charakteristika des Analyten gewonnen werden können. 

Die Validierung des Systems zeigte, dass es möglich ist, mit diesem dynamischen Modell In-vitro-

Mikrodialyse durchzuführen. In einem ersten Schritt wurden basierend auf In-vivo-Daten klinischer 

Studien, Konzentrations-Zeit-Profile von Anidulafungin und Voriconazol in silico simuliert. Im 

nächsten Schritt wurden die Konzentrations-Zeit-Profile in vitro mit dem dynamischen 

Mikrodialysesystem nachgeahmt. Schließlich wurden Mikrodialyse-Untersuchungen mit 

anschließender Kalibrierung mittels Retrodialyse der jeweils einzelnen Arzneistoffe durchgeführt. Die 

resultierenden Konzentrations-Zeit-Profile von Voriconazol hatten eine hohe Übereinstimmung 

verglichen mit der Konzentration im Medium, die die Gewebskonzentrationen nachahmte, 

wohingegen Experimente mit Anidulafungin in einer falschen Vorhersage der Mediumskonzentration 

resultierten. 
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In dieser Arbeit wurde die Notwendigkeit der Durchführung von entsprechenden In-vitro-

Mikrodialyse-Untersuchungen gezeigt, welche unbedingt vor In-vivo-Studien mit der Mikrodialyse 

stattfinden sollten; neben den Experimenten des statischen In-vitro-Mikrodialysesystems zur 

Flussrate, Analyt-Konzentrationen und zum Perfusat, sollten für eine detailliertere Charakterisierung 

des Analyten auch Untersuchungen basierend auf Konzentrations-Zeit-Profilen des Analyten (d.h. die 

Entscheidung über die Kalibriertechnik) durchgeführt werden, um anschließend zuverlässige klinische 

Ergebnisse zu erhalten. 
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1 Introduction 

1.1 The fight against fungal infections starts in vitro 
Today, the most important global health challenge constitutes of fighting antimicrobial resistance, 

which is supported by the recent UK Review on Antimicrobial Resistance, predicting kills from 

antimicrobials to be the leading cause of death in 2050 [5]. When talking about antimicrobial 

resistance, it is nowadays not only sufficient to mention bacteria or viruses, but also fungi have to be 

taken into account [6]. Fungal infections are on the rise but still remain underestimated in 

comparison to the threads caused by bacteria. In addition, the treatment of fungal infections often 

starts delayed due to complicated diagnosis: Fungal infections reveal only unspecific symptoms and 

detection of fungi based on blood cultures takes often 2-5 days [7]. Inappropriate use of antifungal 

drugs has contributed to the increase in global antifungal resistance [8]. Furthermore, the extended 

use of antifungal therapy may also contribute to increased toxicity associated with unnecessary 

medication exposure but also rising costs [8]. Especially older-generation antifungals like 

amphotericin B and azoles are questioned regarding their toxicity to the host, the patient [9]. 

Recently there are proposals for establishing antifungal stewardship, which does not only aim at the 

improvement of diagnosis, but also promotes the use of therapeutic drug monitoring (TDM) for 

applied antifungals [8]. Routinely, TDM samples are taken from the patient’s blood circulation and 

plasma concentrations are determined. Of course, plasma does not always reflect the target site of 

the respective drug, or in case of fungal infections more precisely, where the fungal infection occurs. 

For this reason, more sophisticated methods such as the minimally invasive technique of 

microdialysis (µDialysis) should be used to collect analytes at the site of action. Just recently, the 

European Medicines Agency (EMA) recommended to assess, in addition to plasma concentrations, 

the total and unbound drug concentrations of antibiotics in non-homogenate tissues, which can be 

implemented with µDialysis [10]. Crucial for the clinical application of the method is the previous 

investigation of the drug of interest in an in vitro µDialysis setting. Working groups specialised in the 

µDialysis technique extensively investigate the feasibility of µDialysis for a broad range of drugs to 

ultimately gain more insight into target-site exposure. This insight can contribute to gain more 

understanding of target-site pharmacokinetics (PK) and pharmacodynamics (PD) and to foster the 

fight against fungal infections and fungal resistance, to lower the patients’ burden such as toxicity 

associated with antifungal therapy and overall to contain the expansion of hospitalisation, morbidity 

and mortality. 
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1.2 Microdialysis 
The technique of µDialysis was the first minimally invasive technique for sampling analytes at the 

target site (possible site of infection) [1]. The first samples were taken of dopamine, a 

neurotransmitter, in rat brain in 1974 [1].  

Additionally, the technique of µDialysis can be used for delivery of drugs. One of the first 

experiments was the delivery of quinolinic acid to the striatum in rats [11]. Before the minimally 

invasive technique of µDialysis was invented and disseminated, widespread techniques for tissue 

sampling were available: (i) tissue biopsy, an invasive method, which can only determine the analyte 

concentration at one single time point from a tissue sample after homogenisation; (ii) skin blister 

fluid, a method which uses a compartment, that is created by separating the epidermis from the 

dermis and filled with fluid, as surrogate for interstitial concentration of the dermis; (iii) complex 

non-invasive imaging techniques such as positron emission tomography or magnetic resonance 

spectroscopy [12–15]. By now, the American Food and Drug Administration (FDA) addressed the 

importance of gaining more insight regarding the drug’s target sites [16] and the EMA recommended 

to assess drug concentrations in non-homogenate tissue using µDialysis (see chapter 1.1). 

1.2.1 Principle of microdialysis 

The technique of µDialysis is based on the principle that unbound analytes (e.g. endogenous 

substances, such as neurotransmitters, or drugs) are able to diffuse, driven by a concentration 

gradient, from the interstitial space fluid (ISF) at the target site through a semi permeable membrane 

(with a defined cut-off, which defines the approximate pore size of the membrane) into a µDialysis 

catheter containing analyte-free perfusate (Fig. 1.2-1). Samples are collected over a defined sampling 

interval. Due to the continuous flow, (caused by a pump and adjusted by flow rate (FR)) of perfusate 

inside the catheter, the drug concentration will never reach an equilibrium on both sides of the 

membrane. Hence, only a fraction of the target-site concentration is collected and sample 

concentrations only represent a fraction of the actual concentration of the respective analyte at the 

target site. Actual target-site concentrations can be obtained by different calibration methods of the 

catheter (see chapter 1.2.2). Due to the size-restrictions of the membrane (mainly Mr of 20 kDa), only 

the unbound (protein-free) analyte is sampled, which is a major advantage as the unbound analyte, 

or in this case, the unbound drug, is the pharmacodynamic active compound [12]. There are several 

different catheter types with varying cut-offs (6 kDa – 1000 kDa) [17,18], varying materials and 

different areas of application, e.g. for pre-clinical or clinical use, and for a multitude of tissues (brain, 

heart, eye, liver, skin, skeletal muscle, subcutaneous adipose tissue, blood etc.) [12–15]. In general, it 

is assumed that only molecules smaller than the molecular weight cut-off of the semi permeable 
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membrane can pass the membrane, whereby the cut-off is defined as the molecular mass of a 

molecule at which 80% of the molecules are prevented from diffusing through the membrane [15]. 

To assure diffusion of a specific molecule, the molecular mass of the analyte molecule should be 

smaller than one-fourth of the membrane cut-off [14].  

 

Fig. 1.2-1: The principle of microdialysis is based on the diffusion of a drug molecule, driven by a concentration gradient, 

through a semi permeable membrane into a catheter containing analyte-free perfusate, representing an analyte fraction of 

the interstitial space fluid. 

1.2.2 Calibration of microdialysis catheters 

To determine the analyte concentration at the target site via µDialysis an adequate calibration 

method is needed. There are several calibration methods used for clinical studies like the flow-rate 

variation method, the no-net-flux method, the dynamic-no-net-flux method, the retrodialysis 

method and the calibration method using endogenous compounds [14,19]. The flow-rate variation 

method is based on the variation of the perfusate flow-rate. Since the relative recovery (RR) is 

dependent on the flow-rate and a flow-rate of zero is considered to yield a RR of 100%, the 

concentration of the sample (µDialysate) represents the concentration at the target site. For in vivo 

calibration different flow rates and the respective concentrations in µDialysate are plotted and 

extrapolated to zero flow [20]. The no-net-flux method makes use of differing perfusate 

concentrations of the analyte of interest. In case, perfusate and target site concentrations are 

similar, there is no concentration gradient at the semi permeable membrane and concentrations in 

µDialysate are equal to perfusate concentrations. If the concentration in perfusate is higher than at 

the target site, analyte molecules will diffuse from perfusate to the target site and the analyte 

concentration in µDialysate will decrease. In contrast, if the analyte concentration at the target site is 

higher than in perfusate, the concentration in µDialysate will increase [21]. To determine the target-
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site concentration, the difference of concentration between µDialysate and perfusate is plotted 

against the concentration in perfusate and the function will cross the x-axis where the perfusate 

concentration equals the ISF concentration. A more advanced approach is the dynamic-no-net-flux 

method. Using this calibration method, catheters of three to four individuals are perfused with 

different concentrations, only a single concentration per individuum, in perfusate and the 

corresponding data is pooled afterwards [22]. A common and widely-used calibration method is the 

retrodialysis, which is based on the principle that diffusion of equal concentrations of an analyte 

through the semi permeable membrane in both directions is considered to be equivalent [23]. It is 

important to emphasise that the retrodialysis must be performed for each µDialysis catheter 

separately, yielding a unique calibration factor per catheter. In the µDialysis setting, the fraction of 

the analyte concentration at the target site that is afterwards determined in the µDialysate-

containing microvial (CµDialysate), is referred to as the relative recovery, usually expressed as RR. The 

in vitro RR is calculated using the following equation, taking the actual target-site concentrations into 

account (Eq. 1-1):  

𝑅𝑅 (𝑖𝑛 𝑣𝑖𝑡𝑟𝑜), % =  
𝐶µ

𝐶
· 100 Eq. 1-1 

It is assumed that the relative delivery (rD), as described in Eq. 1-2, is the equivalent to the RR in the 

retrodialysis setting and represents the fraction of a known total analyte concentration, which 

diffuses from analyte-containing perfusate (CPerfusate) through the semi permeable membrane to the 

drug-free target site (Fig. 1.2-2). 

𝑟𝐷 (𝑖𝑛 𝑣𝑖𝑡𝑟𝑜), % = 100 −
𝐶µ

𝐶
 · 100  Eq. 1-2 

As a prerequisite for the conduction of retrodialysis experiments for catheter calibration, it must be 

ensured that the target site is free of analyte before the calibration procedure starts. This means that 

calibration should be performed before the actual investigation starts. In case that calibration should 

be performed during retrodialysis at steady-state it is recommended that, CPerfusate is at least a tenfold 

of desired steady-state CISF during retrodialysis. Accordingly, based on the assumption of an in vivo 

steady-state concentration, the concentration of the analyte in perfusate during retrodialysis should 

be verified before in an in vitro setting [14]. 
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Fig. 1.2-2: The principle of retrodialysis is based on the diffusion of a drug molecule, driven by a concentration gradient, 
through a semi permeable membrane from analyte containing perfusate into the analyte-free interstitial space fluid. 

For in vivo catheter calibration in the retrodialysis setting, where the actual target-site CISF is 

unknown, the following equation is applied to determine the RR (Eq. 1-3): 

𝑅𝑅 (𝑖𝑛 𝑣𝑖𝑣𝑜), % = 100 −
𝐶µ

𝐶
 · 100  Eq. 1-3 

After determining the RR using retrodialysis in vivo, the actual CISF of analyte can be calculated with 

Eq. 1-4. 

𝐶 = 100 ·
𝐶µ

𝑅𝑅, %
 Eq. 1-4 

Another, but controversially discussed approach is the calibration with an endogenous reference 

substance. RR is not obtained for the analyte of interest, but the RR of an endogenous reference 

substance is measured, which has comparable physicochemical properties to the analyte of interest. 

The endogenous reference substance was previously analysed in vitro and in vitro results are being 

transferred to in vivo (behaviour of reference substance is required to be the same in vitro as in vivo). 

Controversial results on urea as reference substance are discussed in the literature [24,25]. 

Regardless of the method of choice for determining RR, there are several factors affecting the RR, as 

described in a review of Plock et al. [14]. Velocity of diffusion processes, flow rate, composition of 

perfusate and tortuosity of sample matrix (e.g. ISF) should be mentioned in particular. The target-

site conditions, such as tortuosity, can only be influenced to some extent, whereas the velocity of the 

diffusion process of the analyte is dependent on easily adaptable factors, such as temperature 

(ideally body temperature of 37°C), the molecular weight cut-off of the semi permeable membrane, 

its length and surface area and the concentration gradient at the membrane. Moreover, also the FR 
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and the composition of the perfusate can be modified. However, at least for in vivo studies, the 

composition of the perfusate is strictly limited due to physiological compatibility. In addition physical 

interactions between the analyte and the membrane can occur, and endogenous influences, such as 

the blood flow rate to and from the respective tissue and possible metabolism, have to be taken into 

account [13]. Furthermore, the uptake of the analyte into cells and also to an extent tissue 

vascularisation can have high impact on RR [26]. Ståhle et al. concluded that RR from in vitro 

investigations cannot be transferred to in vivo studies [27], which is a prominent question, since 

calibration is a time-consuming step and in vitro calibration could minimise the efforts during in vivo 

µDialysis studies. 

1.2.3 Static in vitro microdialysis system 

The static in vitro µDialysis system (sIVMS) is composed of pumps used in vitro or in vivo, 

microsyringes, µDialysis catheters (usually in in vitro settings called “probe” and in in vivo settings 

called “catheter”) and medium containers, containing the membranes during investigations. To 

enable the comparison of results from in vitro investigations with in vivo studies, physiological 

conditions were as much as possible mimicked during in vitro investigations using tempered medium 

vessels, stirring of medium fluid and a physiological-like medium fluid. The temperature of the 

medium fluid was generally set to 37°C body temperature. To mimic the flow of analytes at the 

target site in vivo, the medium was stirred in vitro with a magnetic stir bar and a magnetic stirrer. As 

the exact composition of the target-site fluids is mostly unknown, the physiological-like composition 

of the medium is only an approximation of the in vivo composition and due to the limited exemplary 

nature of in vitro investigations, only fluid liquids were used for the simulation of the target site 

[14,26,28]. Still, a major advance for this work was the preliminary development of a standardised 

sIVMS by Simmel et al. [28], i.e. a standardised experimental setup and all previously discussed 

physiological-like features to guarantee reproducible results of in vitro investigations. 

To perform in vitro µDialysis prior to in vivo clinical studies was found to be crucial [29], especially if 

specific analytes had not been characterised by any µDialysis investigations before. First, it is an 

essential prerequisite to find out whether the analyte can pass the semi permeable membrane [30], 

otherwise in vivo results from clinical studies are interpreted incorrectly. Second, it can be 

investigated if adsorption of the analyte on catheter material (tubing, membrane) occurs, if there are 

any time delays in analyte movement and if for example retrodialysis would be an adequate 

calibration technique, by examining and comparing RR and rD of the analyte. Although results from 

in vitro investigations yield important information for the proceeding in vivo µDialysis experiments, it 

has to be emphasised that the results of in vitro investigations, especially for retrodialysis and 

calibration methods in general, cannot directly be transferred to in vivo behaviour of the analyte. 
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Especially the fact that the diffusion processes at the target site in the respective tissue fluid are not 

comparable to in vitro medium fluid movements should be considered. The effect of an altered 

diffusion (diffusional resistance) of the analyte in extracellular matrix, strongly affects to a large 

extent RR and rD in comparison to in vitro results [31]. Furthermore, the composition of the 

perfusate and the in vitro membrane-surrounding medium remains challenging. Still, Ringer’s 

solution (RS) or phosphate buffered saline are used as aqueous solutions for perfusate and medium, 

limiting the technique to drugs sufficiently soluble in these fluids [15]. Finally, a major limitation of 

the sIVMS is the fact that the concentration over time in medium is constant, opposite and therefore 

not comparable to the pharmacokinetic profiles in vivo. Hence, a dynamic experimental model for 

µDialysis should be initiated. 

1.2.4 In vitro microdialysis of experimentally challenging drugs 

A major challenge next to handling analytes (e.g. collecting, quantifying) is the interpretation of the 

bioanalytical results. In general, it is crucial to exclude potential experimental bias prior to in vivo 

studies. Hence, as previously described before in vitro µDialysis investigations should be conducted 

prior to in vivo experiments. Especially before starting in vivo µDialysis of a new analyte, there should 

be prior in vitro investigation performed to study the influence of FR or differing analyte 

concentrations, to choose the appropriate calibration method, to determine the range of relative 

recovery of the analyte and to detect potential adsorption, e.g. to surfaces of catheters. In the 

literature, different methods to reduce adsorption have been previously described, such as addition 

of adjuvants like albumin [32], beta-cyclodextrin [33], polysorbate [34,35] or of the analyte of 

interest itself, which was used for saturation of the catheter material prior to recovery investigations 

[36]. Frequently encountered problems during µDialysis, including low recovery of analytes or biased 

results due to adsorption are commonly found throughout the literature and not only seen in the 

field of µDialysis. For instance complications due to low recovery of analytes altering the 

quantification of analytes from urine samples are frequently discussed [37], which require similar 

solution strategies like in µDialysis.  

An exemplary case described in literature is a Kinase insert Domain-containing Receptor (KDR) kinase 

inhibitor with a low analyte recovery - due to adsorption to sampling and handling material - from 

urine samples [37]. It seems that in plasma, the plasma proteins (6%-8%) were able to prevent 

adsorption and therefore the recovery in plasma samples was higher [37]. Therefore, the 

experimental setup for urine samples had to be adjusted, either by exchanging containers from 

polypropylene (PP) to glass or using additives as bovine serum albumin (BSA) or the non-ionic 

surfactant Tween®-20 (polysorbate 20) [37]. Recovery of the KDR kinase inhibitor increased up to 

80% by changing containers to glass and adding BSA, but the addition of 0.2% Tween®-20 increased 
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the recovery up to 95%. Tween®-20 improved recovery of the analyte by reducing adsorption. At the 

same time, it did not denature proteins or disturb the specific protein-protein interaction [37]. The 

increased recovery by addition of BSA may be due to stronger interactions of the analyte with BSA 

than with the container surface, such as hydrogen bonding and hydrophobic attractions (e.g. protein 

binding). Disadvantages of BSA usage are the availability in European clinical sites, the costs and 

sample handling due to the high viscosity [37].  

A similar problem of adsorption, as described for KDR kinase inhibitor, is described for Surfactant 

Protein D (SP-D) to PP tubes. SP-D is a multifunctional protein, which is present in the lung and in 

respiratory secretions [38]. The usage of special “low-binding” tubes (produced by several 

manufacturers), which should minimise analyte loss due to a hydrophile inner surface, increased the 

amount of SP-D binding to the tubes. Coating of the tubes’ surface with BSA reduced the binding of 

SP-D to PP [38]. 

Comparable issues with catheter adsorption are often described in µDialysis. In a study, all parts of 

the µDialysis catheters were investigated separately for adsorption of several analytes [39]. The soft 

polyurethane (PUR) outlet tubing, the hard PUR inlet tubing and the µDialysis membrane were 

investigated with the antiepileptic drugs phenytoin, carbamazepine and phenobarbital. Phenytoin 

was found to extensively bind to the soft PUR outlet and lower binding was observed for 

carbamazepine and phenobarbital [39]. None of the analytes bound to the hard PUR inlet tubing 

while only a small amount of carbamazepine bound to the membrane. Here should be mentioned, 

that temperature and pressure during the manufacturing process of the soft outlet tubing are 

differing from the process for the hard inlet tubing. Thus, surface properties of plastic material are 

different and the replacement of the outlet tubing by an inlet tubing would imply an improved 

outcome [39]. In case of adsorption to catheter material, µDialysis investigations concerning recovery 

and retrodialysis (delivery) are not feasible due to adsorption of the analytes to parts of catheter 

material. Previously, instead of changing the catheter or catheter material, albumin and lipid 

emulsions were applied to improve recovery of fatty acids [32] or cyclodextrin to increase recovery 

of ibuprofen [33] to prevent adsorption to catheter material.  

Another example is doxorubicin, a lipophilic cytostatic, which was investigated with in vitro µDialysis 

[40] and could be monitored also by its red colour, which was visible on the catheter material. Mainly 

recovery and delivery investigations were performed, and the RR was calculated for both, showing 

incomparability of results, which was underlined by the colouring of catheters, showing that 

doxorubicin adsorbed on tubings and membranes [40]. In another study, adsorption was investigated 

during µDialysis experiments (recovery and delivery settings) with seven structurally diverse analytes 

[35]. First, BSA was added to artificial cerebrospinal fluid and the analyte of interest in a fluorinated 
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ethylene propylene (FEP)-tubing. In case the setting failed to prevent adsorption, a less flexible 

polyetheretherketone was used instead of FEP [35]. The result was that lipophilicity was not only an 

indicator for adsorption of compounds to tubing materials but that other drug specific mechanisms 

of binding might play a role and adsorption should be evaluated in vitro with appropriate drug 

concentrations before the in vivo application. Additionally, a highly flexible polyimide tubing 

(Microlumen, Oldsmar, FL, USA) for pre-clinical use is on the market and considered to be related 

with less adsorption [35].  

Another cytostatic drug, docetaxel, was investigated with µDialysis. It is of note that docetaxel is a 

highly lipophilic compound and highly protein bound, mostly to albumin and α-1-acid glycoprotein 

[41]. One group experienced adsorption of the drug to catheter material [34] and another did not 

detect any adsorption after 3 h of equilibration [42]. RR of docetaxel was rather low during the in 

vitro recovery experiments, which was assumed to result from adsorption to catheter material in RS. 

An option to increase RR of docetaxel by diminishing adsorption was the use of polysorbate 80. A 

PUR- and a FEP-tubing were perfused with different concentrations of polysorbate 80 and µDialysis 

was performed in the recovery and delivery setting. RR of docetaxel calculated from recovery 

investigation was higher compared to the delivery setting [34]. Docetaxel seems to have a high 

affinity to polysorbate 80, which leads to the formation of a gradient with docetaxel diffusing from 

medium into perfusate in the recovery setting. Human serum albumin (HSA) was previously 

investigated to prevent adsorption of docetaxel but only polysorbate 80 was able to prohibit 

adsorption to catheter material [34]. Not only lipophilicity of the analyte is important with regards to 

adsorption on catheter material, but also the material itself, as lipophilicity alone may not predict the 

extents of adsorption. By comparing adsorption to PUR- and FEP-tubings, no adsorption of docetaxel 

was observed with the FEP-tubings but with the PUR-tubings. Since FEP-tubings were only used in 

pre-clinical and PUR-tubings in clinical settings, adsorption of docetaxel would occur during in vivo 

studies using PUR-tubings. After µDialysis of docetaxel with a FEP-tubing, recovery was only stable 

after long equilibration time, which was assumed to be due to adsorption to membrane material. 

Unfortunately, docetaxel was not recommended for µDialysis investigations in vivo, since neither 

polysorbate 80 nor FEP-tubing were sufficient to prevent adsorption [34].  

Caspofungin (CFG), an echinocandin, was investigated in vitro during a recovery experiment with a 

perfusate consisting of RS and 1% HSA. Here, adsorption of CFG was not entirely prevented with HSA, 

but after a previous coating process over 2 hours with HSA and CFG, investigated CFG concentrations 

were stable during recovery investigation [36]. In addition to the prevention of adsorption of CFG 

[43], HSA was also added as osmotic agent to limit ultrafiltration (UF) and fluid loss [44] through the 

100 kDa cut-off semi permeable membrane of the catheter [36].  
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Furthermore, UF was an issue when performing µDialysis of macromolecules, like cytokines due to 

the use of high cut-off semi permeable membranes [45]. The application of HSA instead of the 

previously described BSA [46] was a comparable alternative, which also reduces UF due to an 

osmotic gradient. Additionally, HSA was added to the perfusate to guarantee protein stability and 

reduce adsorption to surfaces. Treatment of catheter material with HSA during perfusion, prevented 

adsorption of cytokines [45]. HSA as add-on in the perfusate was previously described [47]. It was 

assumed that HSA binds to adsorption sites on the membrane and tubing surfaces and was 

potentially forming a complex with cytokines, which had a higher molecular mass and hence, 

inhibited the diffusion back to the catheter-surrounding medium. An important aspect was that HSA 

is approved for clinical use and can be applied for in vivo µDialysis [45]. In an in vitro study, 

investigating recombinant rat tumor necrosis factor- (TNF) α (Mr= 53 kDa) and interleukin- (IL) 1B 

(Mr= 17.3 kDa), a 100 kDa cut-off membrane was used, which resulted in an increased fluid loss from 

perfusate through the membrane [46]. Thus, analyte recovery and the physiology of the tissue 

compartment were influenced. In the presence of BSA, the loss of perfusate fluid through the semi 

permeable membrane was minimised and recovery of the analyte increased. Assumed effects of the 

loss of fluid into the catheter-surrounding medium were the dilution of the so called 

microenvironment surrounding the catheter membrane. Hence, underestimation of the 

concentrations at the target site or overestimation due to loss of volume in µDialysate could be 

possible. Without BSA, the recovery of recombinant rat TNF-α and IL-1B in µDialysate was below the 

limits of detection. Sufficient, but low amounts of the two analytes were found after the addition of 

BSA to the perfusate [46]. The major drawback of results gained by using additives, is the handling of 

these results. These results do often not reflect the actual extracellular concentrations [35].  

 

1.3 Invasive fungal infections and antifungal model drugs 
Overall, worldwide 1.2 billion people are considered to be infected by fungi [48]. Of these 1.2 billion 

patients, only a minority is estimated to suffer from invasive fungal infections (IFIs), from which at 

least 1.5 to 2 million people die each year. With this compared to other infections, deaths caused by 

e.g. malaria or tuberculosis are tremendously outnumbered by invasive fungal infections. Despite 

high mortality rates, antifungal drug development since the 1990s is assumed to be widely on hold 

compared to other disease areas [48]. 

1.3.1 Invasive fungal infections 

Causative organisms of IFIs can be classified as primary pathogenic fungi and opportunistic fungal 

pathogens. Belonging to the last-mentioned group, worldwide every year more than 200,000 
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patients are infected with aspergillosis [49] and >400,000 patients are estimated to be infected with 

candidiasis [50], with mortality rates of 30%-95% and of 46%-75%, respectively. Life-threatening 

invasive fungal infections caused by opportunistic pathogens like Candida spp., Aspergillus spp. and 

other fungi are mainly causing infections in immunocompromised patients [51,52]. It was estimated 

that approximately 1.5%-10% of immunocompromised patients are at high risk for fungal infections 

worldwide. Patients with haematological malignancies or after haematopoietic stem cell 

transplantation as well as critically ill patients suffering from severe liver cirrhosis or advanced 

chronic obstructive pulmonary disease are mainly at risk of invasive aspergillosis. In contrast, invasive 

candidiasis affects critically ill patients on broad-spectrum antibacterial treatment, on total 

parenteral nutrition, renal replacement therapy and patients receiving immunosuppressive agents 

(e.g. corticosteroids) [51,52]. However, also other rare mould species can cause IFI, e.g. a typical 

opportunistic infection of HIV patients or solid organ transplant recipients is Cryptococcosis [51,52].  

The diagnosis of IFI is often difficult and also delayed due to time-consuming blood culture [49,51]. 

Hence, empirical or preventive therapy is in many cases mandatory and should follow a prompt and 

aggressive procedure, which is crucial for successful outcome of IFI therapy. There are not only cases 

of IFI demanding for immediate treatment but also cases requiring antifungal prophylaxis, like in 

patients with prolonged neutropenia after start of chemotherapy or those receiving aggressive 

immunosuppression for graft versus host disease after haematopoietic stem cell transplantation [51].  

A major threat for antifungal therapy is emerging resistance against established antifungal agents. An 

indispensable group of antifungal agents is the class of azoles (e.g. ketoconazole, fluconazole, 

itraconazole, voriconazole, posaconazole and ravuconazole) [53]. Hence, it is a crucial task in modern 

medicine to restrain resistance against these drugs, i.e. to detect emerging resistances and to 

immediately (and subsequently) rearrange antifungal therapy to ultimately ensure patients’ survival. 

Notably the frequency of azole resistance in Aspergillus fumigatus has increased over the last 

decades [53]. Most developed countries reported itraconazole resistance and a large proportion of 

these isolates are cross-resistant to voriconazole (VOR) [54]. As an example for the severity of azole 

resistance, patients infected with a susceptible Aspergillus isolate show mortality rates of 30%-50%, 

whereas patients infected with a special multi-azole-resistant isolate of Aspergillus, have a mortality 

rate of 88% [53]. Today different causes of resistance development are thoroughly investigated. A 

frequently discussed threat is the use of pesticides, which are sprayed on crops. Of these, 40% are 

fungicides and more than 25% of fungicides are azoles, most of them triazoles, which resemble the 

triazoles for human use [53]. Interestingly, more than 60% of the global market shore of agricultural 

fungicides are used in Western European and Asia Pacific areas, and the prevalence of the resistance 

mutation TR34/L98H (mutations in the cyp51A-gene, which encodes the target enzyme of azoles [49]) 
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seems to correlate with the geographical usage of these fungicides [55]. Resistances may also occur 

during antifungal treatment, which is mostly the case for long-term treatment in patients with 

allergic or chronic forms of aspergillosis [56]. A conservative estimate of the global prevalence of 

azole resistance in Aspergillus ssp. was considered to be 3%-6% in 2014 [56]. However, a further 

increase in resistance has a direct impact on morbidity and mortality caused by fungal pathogens and 

consequently increases costs for the health care system [53].  

1.3.2 Anidulafungin 

Anidulafungin (AFG), an echinocandin, was approved in the US in 2006 after CFG, which already came 

to the market in 2001, and in Europe in 2007 [57,58]. Since in high risk patients the burden of 

concomitant nephrotoxic drugs and drug-drug interactions should be avoided, it is preferable to use 

antifungals, which are equally effective and less toxic as the potential alternatives, like amphotericin 

B and azoles [59]. 

Mode of action: target, molecular structure, resistances 

AFG is an echinocandin antifungal drug with an activity against most Candida spp. [57], which is 

gained from naturally-occurring fermentation of Aspergillus nidulans and Zalerion arbicola [58–60]. 

AFG is a semi-synthetic lipopeptide, which selectively and non-competitively inhibits beta-(1,3)-

glucan synthase embedded in the cell membrane [59–61], an enzyme crucial to fungal cell wall 

synthesis (see Fig. 1.3-1) [57,60,62]. Due to that, the production of beta-(1,3)-glucan is inhibited, 

which is a key structural component of the fungal cell wall [58,59]. Following, the depletion of beta-

(1,3)-glucan leads to osmotic instability and eventual lysis of the cell [58–60,62]. Amongst others, 

AFG has an activity gap against Zygomycetes spp. due to their cell wall structure of α-(1,3)-glucans 

instead of beta-(1,3)-glucans [59]. As fungi are eukaryotes, like mammalian cells, they are good 

targets for antifungal therapy (e.g. interference with RNA and DNA synthesis, proteins), but this also 

holds a greater potential for toxicity to mammalian hosts. However, for AFG the target is the fungal 

cell wall, which is not present in mammalian cells, therefore limiting potential toxicities.  

 



Introduction 

13 
 

 

Fig. 1.3-1: Mode of action of echinocandins (anidulafungin) (modified from [63]). 

The structure of echinocandins comprises a cyclic peptide with a N-aryl group and different 

hydroxylation patterns [59]. AFG has a alkoxytriphenyl (terphenyl) side-chain (see Fig. 1.3-2), which is 

assumed to intercalate with the phospholipid bilayer of the cell membrane and therefore plays a 

critical role in the potency and toxicity of echinocandins [64]. It is pervasively used for the treatment 

of disseminated candidiasis in non-neutropenic adult patients [57]. Still, AFG displays in vitro activity 

not only against Candida spp. but also against Aspergillus spp., including azole resistant strains 

[61,65]. For echinocandins, lysis of Candida spp. cells is easy due to the synthase inhibition during 

active growth, whereas Aspergillus spp. have the synthase localised in the apical tips of their growing 

hyphae and treatment with echinocandins results in swollen apical tips, which bursting, only leaves 

short hyphae without further consequence. Echinocandins show a concentration-dependent activity 

in Candida spp. and Aspergillus spp.. An “eagle-like” effect is shown in vitro with high echinocandin 

concentrations, meaning a paradoxical loss of antifungal activity [58,59]. This effect is assumed to be 

derived from drug solubility, micelle formation, slow metabolic activity, transition into a “persistent 

phenotype” and also altered distribution and elimination of AFG [59]. The clinical relevance of the 

effect is unknown but occurs to be insignificant [58].  

Cross-resistances within the echinocandin-group is already described, assumed to result after 

prolonged exposure to echinocandins. One of the most often described resistance mechanisms 

includes the genes FKS1 and FKS2, which encode for the catalytic subunit of beta-(1,3)-glucan 

synthase. Other resistance mechanisms are assumed to be overproductions of beta-(1,3)-glucan 

synthase and the expression of efflux pumps [62].  
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Fig. 1.3-2: Chemical structure of anidulafungin [66]. 

Indication and dosing 

Echinocandins are broad-spectrum antifungal agents against Candida spp., Aspergillus and mycelial 

forms of endemic fungi but lack activity against Cryptococcus neoformans, Fusarium spp. and 

Zygomycetes [59]. In the US, AFG is indicated for the treatment of candidemia and other forms of 

Candida infections, like intra-abdominal abscess and peritonitis and oesophageal candidiasis [67]. In 

addition to that it is indicated in Europe for the treatment of invasive candidiasis in adult patients 

[68]. More specifically, Echinocandins are recommended as first-line therapy for candidemia in non-

neutropenic and neutropenic patients and first- as well as second-line treatment for other Candida 

infections [58]. Additionally, they have activity against biofilm-embedded Candida spp., which is of 

special interest, since biofilms are a major cause of resistance due to their cells with increased 

resistance to antimicrobial agents [59]. In vitro, AFG is active against Candida spp., including strains 

resistant to fluconazole or amphotericin B [62]. Additionally, in vitro it is active against Aspergillus 

spp. including A. fumigatus, A. flavus, A. niger and A. terreus and many of the emerging molds (e.g. 

Bipolaris spicifera, Exophiala jeanselmei). AFG also demonstrated additive effects in combination 

with amphotericin B against Aspergillus and Fusarium spp.. AFG shows a fungistatic effect in vivo 

against Aspergillus spp. and fungicidal activity against Candida spp. in vitro and in vivo [62].  

In 2014, Muldoon et al. published a study about the prophylactic use of echinocandins, concluding 

that prophylactic antifungal therapy in general should be limited to intensive care unit patients. 

Specific populations in which prophylactic treatment has already been proven useful include patients 

with post–gastrointestinal perforation, severe pancreatitis, liver, pancreas, and small bowel 

transplant and extremely low birth-weight neonates [69]. Still, especially recognising an emergence 
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of echinocandin resistance of 12% in already fluconazole-resistant Candida glabrate clinical isolates 

published in 2014, the use of antifungals should be limited [69].  

Combinations of echinocandins with azoles or polyenes are currently used as alternative treatment 

of persistent infections and are being discussed for first-line therapy [70]. For example a combined 

therapy against invasive aspergillosis with VOR and AFG showed improved clinical outcome 

compared to the VOR monotherapy [49].  

AFG is available as intravenously (i.v.) administered formulation. Adult patients with candidemia and 

other forms of Candida infections receive a loading dose of 200 mg on day 1, followed by a 

maintenance dose of 100 mg daily for at least 14 days after the last positive culture [67,68]. Patients 

with oesophageal candidiasis receive lower doses, comprising a loading dose of 100 mg on day 1, 

followed by a maintenance dose of 50 mg daily for a minimum of 14 days and for at least 7 days 

following resolution of symptoms [67]. Here, the duration of treatment should be based on the 

patient’s clinical response. The rate of infusion should not exceed 1.1 mg/minute [67,68]. Patients 

with hepatic or renal impairment do not need dose adjustment and AFG is also not dialysed during 

continuous renal replacement therapy (CRRT) [62,67]. For children of 2 years and older, AFG should 

be dosed based on body weight instead of age [58]. 

Physicochemical and pharmacokinetic properties 

AFG is almost insoluble in water and only slightly soluble in ethanol. The molecular mass is 1140.3 Da 

[58,64,67]. The lipophilicity of a molecule can be described by logP and the octanol/water partition 

coefficient, which is known to be high (concrete numbers are not published in literature) [71]. 

Oral bioavailability of AFG is low (less than 10% [62]) and very variable [58], and as a consequence 

the formulation of AFG was developed as i.v. administration [59]. The i.v. application shows 

predictable concentrations, which increase linearly with the dose [58]. More than 90% of AFG 

undergoes slow chemical degradation to an in vitro inactive product, which is degraded by plasma 

peptidase [58,72] to an open hexapeptide ring and further metabolised [62]. AFG molecules are not 

metabolised hepatically and do not interact with cytochrome P450 enzymes [58,62]. Less than 10% 

of the unchanged drug and its degradation products are eliminated via faeces and biliary excretion 

[58,62]. Renal elimination is insignificant [58]. The volume of distribution is 30-50 L and the terminal 

elimination half-life is 25 h [62]. Plasma protein binding is assumed to be approximately 98%-99% 

[73]. Steady state concentrations are achieved within 24 h after administering the loading dose [62]. 

The PK of AFG in patients suffering from IFI is best described by a two-compartment model with first-

order elimination and the estimated PK parameters were similar to the observed PK parameters in 

healthy volunteers [58]. Moreover, the total volume of distribution increased with higher body 
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weight and clearance was increased in male patients, patients with increased body weight, older 

patients and acutely ill patients. Substrates, inducers and inhibitors of the cytochrome P450 enzyme 

family, like rifampin, were given as concomitant drugs and as expected resulted in non-significant 

impact on PK parameters [58], due to the lack of interaction with cytochrome P450 enzymes. A 

significant decrease in maximum concentration (Cmax) was seen in patients with severe hepatic 

impairment compared to a healthy control group, which is assumed to be caused by ascites, oedema, 

and an increase in clearance and volume of distribution. The drug half-life is similar to the healthy 

volunteer control group. No significant changes in PK were found in patients with mild or moderate 

hepatic impairment. No dosage adjustment is recommended for all degrees of hepatic impairment 

[58]. Furthermore, patients with renal insufficiency (mild, moderate and severe renal impairment or 

end-stage renal disease) were studied and the PK profiles were similar to the healthy control group. 

PK determined in patients receiving continuous venovenous haemodiafiltration was similar to 

previously determined PK in healthy volunteers and patients with fungal infections [61]. Therapeutic 

AFG concentrations were achieved throughout the study and CRRT seems to have only an negligible 

effect on AFG elimination, therefore no dose adjustments for patients during CRRT are 

recommended [61].  

Adverse drug reactions and interactions 

Only a few adverse drug reactions were reported for AFG in clinical trials. Hence, it seems to be a 

well-tolerated antifungal drug [59]. The most common adverse drug reactions include headache and 

nausea, reversible abnormal liver function test, hypokalaemia, vomiting and diarrhoea [58,62]. The 

infusion rate should not exceed 1.1 mg/min, otherwise histamine-related reactions like rash, 

urticaria, flushing, pruritus, dyspnoea and hypotension could occur [67], though quickly declining 

[62]. Due to the well tolerability of AFG, a specific routine monitoring in patients treated with AFG is 

not recommended [62]. As described before, AFG is no substrate of the cytochrome P450 system or 

of P-glycoproteins and at the same time not inducing or inhibiting either of them [58]. Thus, it is 

improbable that AFG will interact with the PK of concomitant drugs, metabolised via CYP enzymes 

[58,62]. This was demonstrated during the co-administration of cyclosporine, a CYP3A4 substrate, 

which showed no significant difference in the PK of both drugs [74] and the co-administration of 

VOR, which showed also no changes in PK [75].  

1.3.3 Voriconazole 

VOR is on the World Health Organisation’s Model List of Essential Medicines [76]. Furthermore, the 

EMA points out that if VOR is used for treatment of fungal infections, it will be intended mainly for 

patients with worsening and possibly life-threatening infections [77].  
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Mode of action: target, molecular structure, resistance 

The molecular structure of the triazole antifungal agent VOR was derived from the structure of its 

predecessor fluconazole (see Fig. 1.3-3). A methyl group was added to the propranolol structure and 

the triazole structure was exchanged with a fluoropyrimidine ring [78–80], which provided fungicidal 

activity against Aspergillus spp. and other moulds [78,80] and fungistatic activity in Candida spp. 

[80,81].  

 

Fig. 1.3-3: Chemical structure of voriconazole and fluconazole from Simmel et al. [28]. 

 

As a triazole antifungal agent, VOR reversibly inhibits the 14-α-lanosterol-demethylase [79,81] by 

binding to its haem group [51,78]. During normal ergosterol biosynthesis, the 14-α-lanosterol-

demethylase (defined as CYP51A1 [51]), which is cytochrome P450-mediated [78], removes the 

methyl group on C-14-lanosterol for the conversion to ergosterol [51,81]. Hence, the subsequent 

accumulation of toxic [51,79] 14-α-methyl sterols is responsible for the lack of ergosterol in the 

fungal cell wall [51,78,79] and a decrease of ergosterol leads to cell death [81]. VOR does not 

interfere with the human metabolism and biosynthesis, but it shows fungistatic activity against 

yeasts and also fungicidal activity against moulds. In vitro, VOR shows an immunomodulatory effect 

of susceptibility of the cell wall to oxidative and non-oxidative phagocytic damage [78]. A significant 

advantage of VOR is the broad antifungal activity against yeasts and filamentous fungi and with 

Zygomycetes the activity spectrum has only a single gap [78]. Since the 14-α-lanosterol-demethylase 

(CYP51A1) belongs to the CYP family, mutations on its gene can lead to azole resistance [51]. 

Indication and dosing 

VOR has a wide range of antifungal activity and is approved for the treatment of a multitude of 

fungal infections. The indication includes in adults and children aged 2 years and above, the 

treatment of invasive aspergillosis, invasive candidiasis, candidemia in non-neutropenic patients and 

infections caused by Scedosporium apiospermum and Fusarium spp. in patients intolerant of or 
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refractory to other therapies [52,78,82,83]. Further, it should be administered primarily to patients 

with progressive, potentially life-threatening infections and as prophylaxis of invasive fungal 

infections in high risk allogenic hematopoietic stem cell transplant recipients [82]. VOR is 

recommended as first-line therapy for invasive aspergillosis since it achieved a better clinical 

outcome than amphotericin B deoxycholate [51,80]. 

Therapy with VOR starts with an i.v. standard dose of 6 mg/kg bid (bis in die: twice daily) as loading 

dose on day 1. Subsequently maintenance doses of 4 mg/kg bid are given [51]. Due to the high 

bioavailability, an oral dose can be applied as an alternative to the i.v. dose. For adult patients it is 

400 mg bid on day 1 followed by 200 mg bid. For adult patients with a body weight of less than 40 kg, 

a per oral dose reduction by 50% for loading and maintenance dose is recommended [51]. Dose 

adjustment is required in case of hepatic failure, but not necessarily during renal failure using the 

oral formulation, due to the lack of nephrotoxicity [51,78]. Since the i.v. formulation contains 

cyclodextrin (sulpho-butyl-ether-cyclodextrin) to increase solubility [79], it may accumulate in case of 

renal insufficiency, but long-term effects on renal function are unknown [51,78]. Hence, the 

treatment with the i.v. formulation should be avoided in case the creatinine clearance is ≤50 mL/min 

unless the benefit predominates the risk [51,78,79]. 

Physicochemical and pharmacokinetic properties 

The lipophilicity of VOR was described by logP and the octanol/water partition coefficient, which for 

the lipophile VOR molecules was 1.8 [84] and 64.7 [28], respectively. With a molecular mass of 

349.3 Da and as a weak base with pKa 1.76 [84–86], VOR is a molecule of high permeability and low 

solubility [84,86], representing a Class 2 compound in the Biopharmaceutical Classification System 

[87]. 

The oral formulation of VOR has an excellent bioavailability of 96% [51,79,80] and a Cmax is achieved 

1-2 h after administration [78–80]. The high oral bioavailability enables switching between i.v. and 

oral administration. Absorption is not affected by gastric pH, but is decreased by simultaneous 

presence of food [78,79]. Hence, the oral formulations should be administered 1 h before or 2 h after 

a meal, otherwise the bioavailability may be reduced by 20% [78]. Steady state concentration in 

plasma can be achieved after an i.v. loading dose followed by a maintenance dose within 24 h. After 

i.v. administration of 3-6 mg/kg bid, a total Cmax of VOR in plasma at steady-state was 2.7-6.0 µg/ml 

[79]. In case of oral administration, steady state is achieved after 5-7 days [78–80] with a Cmax of 

2 µg/mL and Cmin of 0.5 µg/mL on day 7 [51]. Hence, critically ill patients should receive an initial i.v. 

therapy to achieve therapeutic VOR concentrations as early as possible, to rapidly diminish the fungal 

infection and prevent complications. Although gender, weight, age and critically ill patients are 
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associated with differences in the PK of oral administered VOR, no dose adjustment is needed [78]. 

VOR has a linear PK in children treated with 3-4 mg/kg of the i.v. dose [78,80]. However, the VOR PK 

was found to be nonlinear if treated with an i.v. dose of ≥7 mg/kg [51,78–80]. This is considered to 

be due to saturation of its own metabolism [78,79] and therefore PK is dependent on the 

administered dose [80]. Plasma protein binding (PPB) of VOR is 58%-60% and is linked to high 

unbound plasma concentrations and therefore, a good tissue distribution [51,78,79] and is 

independent of dose or plasma concentrations [80]. Extensive distribution is emphasised by the 

volume of distribution of 2-4.6 L/kg [51,78–80] and a clearance (CL) of 7 L/h in healthy volunteers 

[51]. VOR is a substrate of the CYP enzymes 2C19, 2C9 and 3A4, which explains the variability in 

plasma concentrations due to interactions with co-administered drugs and the CYP enzymes or 

genetic polymorphisms (ultra rapid to poor metabolisers) [51,79,80]. In addition, VOR is a strong 

inhibitor of CYP2C19 and a moderate inhibitor of CYP2C9 and CYP3A4 [51,78]. Homozygous CYP2C19 

poor metabolisers have a three- to fourfold increase in plasma concentrations compared to their 

homozygous extensive metaboliser counterparts, whereas heterozygous poor metabolisers have only 

a twofold increase [51,78]. Due to variable and unpredictable metabolism related to i.a. genetic 

factors, which may result in insufficient drug exposure, VOR concentrations and therefore VOR 

exposure of fungi to VOR can only monitored by TDM [78]. 

The elimination half-life is 6-9 h (up to 12 h [79]) after single dose and an i.v. or oral dose of VOR is 

excreted within 48 h [28,51,78,80]. The elimination half-life increases with further VOR 

administrations due to nonlinear PK [28]. Mostly metabolites (98%) are excreted in urine and faeces 

[51,78,79]. VOR is mainly metabolised to a N-oxide metabolite, which has a negligible antifungal 

activity compared to VOR [78]. The main elimination of VOR occurs via the liver and less than 5% of 

the active drug is found in urine [78,79]. 

Adverse drug reactions and interactions 

The most important and most frequently described adverse drug reactions include visual 

disturbances, neurological adverse drug reactions like hallucinations, confusion, neuropathy and 

paraesthesia. In addition, hepatic toxicity, nausea and vomiting and QT interval prolongation 

(especially for haemato-oncologic patients [88]) are observed [78,79]. Visual disturbances are related 

to high serum concentrations of VOR and diminish after the first days of treatment [78]. The same 

applies for central nervous system adverse drug reactions and liver toxicity, which are also associated 

to high serum concentrations of VOR (CVOR > 5 mg/L) [89]. In general, a target trough concentration 

of 2-5 mg/L VOR should be aimed for [89]. Hence, routine dose adjustment based on TDM is highly 

recommended to reduce incidence and degree of severity [78]. Exfoliative cutaneous reactions like 

Stevens-Johnson syndrome and phototoxicity are rare, but rash is very common as adverse drug 
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reaction [78,79]. A major thread is the development of skin cancer under treatment with VOR and 

simultaneously with immunosuppressants during long-term therapy. Phototoxicity reactions and pre-

neoplastic lesions regressed or significantly improved after VOR discontinuation [78]. Further, 

increased VOR concentrations are associated with liver toxicity, since VOR is extensively metabolised 

by liver enzymes [78,79]. However, also this adverse drug reaction is reversible after discontinuation 

of the drug treatment [79]. Liver function tests should be performed for high risk patients before 

starting and during VOR treatment. A special regard should be given to the co-administration of 

cyclosporine A [79] and tacrolimus due to increased cyclosporine A and tacrolimus concentrations, 

which have been associated with nephrotoxicity [83]. In this case doses of immunosuppressants 

must be reduced by 50% and 66%. The risk of severe haemorrhage is given by enhanced plasma 

concentrations of vitamin K antagonists due to VOR co-administration. The sedative effect of 

benzodiazepines is prolonged and together with sulfonylureas, VOR may cause hypoglycaemia. Statin 

levels can be enhanced with the risk of rhabdomyolysis and for omeprazole, a dose reduction by 50% 

is advised when VOR is co-administered [78,79]. Together with histamine blockers, cimetidine or 

quinidine, VOR may not only cause prolongation of the QT interval but result in torsades de pointes 

[51]. Phenytoin induces CYP3A4, which results in a decrease of VOR concentration. Since rifampin is 

an inducer of CYP3A4, it is suggested to switch therapy to prevent giving rifampin and VOR 

concomitantly. Also prednisolone is metabolised by CYP3A4 and therefore has a potential for 

interactions with VOR [79]. 
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1.4 Objectives 
Deaths and hospitalisation due to IFIs are constantly increasing and the rise of antifungal resistance 

to the respective antifungal drugs is alarming. This emphasises how important it is to prevent 

resistances and guarantee an easy, fast and accurate routine in hospitals to determine not only the 

fungal pathogen but also antifungal drug concentrations at the target site. Since meanwhile the EMA 

recommended in the Guideline on the use of Pharmacokinetics and Pharmacodynamics in the 

Development of Antibacterial Medicinal Products to assess, in addition to plasma concentrations, the 

total and unbound drug concentrations in non-homogenate tissue with i.e. µDialysis [10], it is of high 

priority to expand the field of drugs monitored with µDialysis and continuously improve the method. 

This technique is mainly recommended for its unlimited access to all parts of the human body and 

the unbound and therefore active drug at the target-site can be determined. To ensure these 

requirements, valid bioanalytical assays and in vitro µDialysis investigations for the respective drugs 

are needed, as each drug molecule is unique and therefore has differing chemical and 

physicochemical properties which affect the behavior of the drug during µDialysis. Previously, it was 

only possible to investigate analytes during steady state concentrations in the sIVMS. The 

dependence on FR and concentration of the analyte, as well as potential adsorption to catheters 

could be described. Thus, the objective of this thesis was to create a more physiological surrounding 

for the analyte by mimicking in vivo PK profiles with the dynamic in vitro microdialysis system 

(dIVMS). The time delay of a drug from medium to µDialysate, feasibility of calibration methods and 

the effect of the calculated on the observed concentration-time profile may be observed.  

The structure of this thesis emphasises the logical development of the conducted investigations. 

- Bioanalytical assay of AFG and VOR: Development of a new assay for AFG and update of a 

previously developed assay for VOR, with a focus on small sample volume, simpler sample 

preparation and coverage of in vivo concentration ranges. 

- In vitro investigation of AFG with µDialysis: Conduction of recovery and retrodialysis 

experiments with the sIVMS with a special focus on adsorption reduction. 

- In vitro investigation of VOR with µDialysis: Conduction of in vitro µDialysis with a reduced 

set of experimental parameters in the sIVMS. These parameters are FR and concentrations, 

both investigated in a recovery and delivery setting with an additional set of retrodialysis 

investigations. 

- Application of the newly developed dIVMS for AFG and VOR: Development and validation of 

the dIVMS. Subsequent mimicry of pharmacokinetic concentration-time profiles of VOR and 

AFG.  
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2 Materials and methods 

2.1 Materials 

2.1.1 Chemicals, drugs and pharmaceutical products 

Ammonium dihydrogen phosphate   Carl Roth, Karlsruhe, Germany 

Caspofungin acetate     Selleckchem, München, Germany 

LOT No.02, Batch No. S307302 

purity >99.63% 

Dextran (Dextran 40, 10%)    AlleMan Pharma GmbH, Rimbach, Germany 

Ecalta® (Anidulafungin)     Pfizer, Kent, UK 

Ethanol (gradient grade)    VWR Prolabo, Fontenay-sous-Bois, France 

Human serum albumin (Albiomin® 5%)   Biotest, Dreieich, Germany 

Human serum albumin (Human-Albumin Kabi 20%) Octapharma, Langenfeld, Germany 

Methanol (gradient grade)    VWR Prolabo, Fontenay-sous-Bois, France 

Milli-Q water obtained from Millipak® system  Merck Millipore, Darmstadt, Germany 

Ringer’s solution BERLIN-CHEMIE AG (Menarini), Berlin, 

Germany 

Ringer’s solution     Braun, Melsungen, Germany 

Voriconazole       Pfizer, Kent, UK 

LOT No. 052301-008-09 

potency 98%  

2.1.2 Laboratory and study equipment 

Balance AT 250 Mettler, Greifensee, Switzerland 

Balance Sartorius BP 221 S Sartorius AG, Göttingen, Germany 

Centrifuge 5430 R Eppendorf, Hamburg, Germany 

Laboratory shaker REAX 2000 Heidolph instruments, Schwabach 

NUNC 96-well plates     Thermo Fisher Scientific, Waltham, USA  

NUNC 96-well cap mats Thermo Fisher Scientific, Waltham, USA 
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pH/mV Meter      Knick Elektronische Messgeräte, Berlin, 

       Germany 

Pipettes and pipette tips (20-1000 µL) Eppendorf, Hamburg, Germany 

Safe lock vials (0.5-1.5 mL), PP Eppendorf, Hamburg, Germany 

Ultrasonic bath Sonorex Digitec, Typ: DT 106 Bandelin Electronic, Berlin, Germany 

HPLC columns 

LiChrospher® 100 RP18 (125x4 mm; 5 µm) Merck, Darmstadt, Germany 

Symmetry® C18 (4.6x75 mm; 3.5 µm)  Waters, Milford, USA 

XBridge™ BEH C18 (3.0x50 mm; 2.5 µm) Waters, Milford, USA 

HPLC system (modular) 

Thermo Scientific Dionex Ultimate 3000 Thermo Fisher Scientific, Waltham, USA 

Controller (LC-Net II/ ADC)  

Pump (HPG-3200SD) 

Autosampler (WPS-3000TSL)  

Column compartment (TCC-3000SD  

column thermostat) 

Diode array detector (DAD3000) 

Microdialysis equipment 

CMA102® Pumps CMA Microdialysis AB, Solna, Sweden 

BD® Syringe 1 mL Luer Lock® Tip  Becton, Dickinson and Company, New Jersey, 

US 

CMA71® microdialysis catheter M Dialysis AB, Solna, Sweden 

Concentric catheter design 

Material membrane: PAES 

Material inlet-outlet tubing: PUR 

Length [mm] membrane: 20 

Membrane cut-off [kDa]: 100 kDa 

CMA63® microdialysis catheter M Dialysis AB, Solna, Sweden 

Concentric catheter design 

Material membrane: PAES  

Material inlet-outlet tubing: PUR  
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Length [mm] membrane: 30 

Membrane cut-off [kDa]: 20 kDa 

CMA60® microdialysis catheter M Dialysis AB, Solna, Sweden 

Concentric catheter design 

Material membrane: PAES 

Material inlet-outlet tubing: PUR 

Length [mm] membrane: 30 

Membrane cut-off [kDa]: 20 kDa 

Microdialysis catheters and accessories:  

All catheters used were CE marked according to the Medical Device Directive, 93/42/EEC, sterilised 

by β-radiation, stored according to the requirements in the product sheet  

(4° C – 25° C) and were purchased from M Dialysis AB, Stockholm and Solna, Sweden. 

Dynamic system 

Pump ISMATEC MV-CA 4  Cole-Parmer GmbH, Wertheim, Germany 

Tygon LMT       Cole-Parmer GmbH, Wertheim, Germany 

- ”2 Color Code Stopper Schläuche“ 

Material: Polyvinyl chloride (PVC)  

based material with platicisers 

Diameter [mm]: 0.51 (in), 2.33 (out) 

Length [mm]: 381 

Colour code: orange-yellow 

- Extension tubing 

Material: PVC based material  

with platicisers 

Diameter [mm]: 0.51 (in), 2.21 (out) 

Length [mm]:  300 mm (inlet),  

900 mm (outlet) 

Magnetic stirrer RCT basic    IKA Labortechnik GmbH, Staufen, Germany 

Water heating HAAKE 001-7983 HAAKE, Karlsruhe, Germany (new: Thermo 

Fisher Scientific, Waltham, USA) 
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2.2 Bioanalytical methods for quantification of anidulafungin 
and voriconazole in microdialysate 

2.2.1 Method development 

Several matrices were investigated to find a suitable matrix for the in vitro µDialysate, medium, 

perfusate solutions, calibration and quality control samples of AFG from Ecalta® (pharmaceutical 

formulation). Potential matrices were 0.9% NaCl solution, mixtures of 0.9% NaCl solution and 

methanol or ethanol (20%-90% each), and a mixture of RS and HSA (RS/HSA (0.5%,1%)). Additional 

investigations regarding sample preparation (precipitation of HSA), separation (Accucore™ Phenyl-

Hexyl, LiChrospher® 100 RP-18; XBridge® BEH C18), elution of analyte (gradient and isocratic 

methods; methanol and an ammonium dihydrogen phosphate buffer in varying ratios, column 

temperature: 15°C to 45°C) and sample injection (injection volume, sample containers of glass or PP) 

were conducted. In contrast, an already existing HPLC assay for VOR from Simmel/Kirbs et al. [2,90] 

was used and improved for in vitro µDialysate samples of VOR in RS for this work. Here, the focus 

was on separation (LiChrospher® 100 RP-18; Symmetry® C18) and elution of VOR (acetonitrile, 

methanol and an ammonium dihydrogen phosphate buffer in varying combinations and ratios, 

column temperature: 25°C to 40°C).  

During HPLC runs, AFG and VOR samples were stored in a 96-well-plate on an automatic tray in the 

autosampler compartment. The cavities of the 96-well-plate were closed tightly with a cap mat. 

Identification and quantification of AFG or VOR after HPLC was realised with UV detection at a 

wavelength of 310 nm or 254 nm, respectively. Peak areas of unknown concentrations were 

calculated using the calibration function obtained by weighted linear regression (1/concentration2). 

2.2.2 Preparation of stock solutions, calibration samples and quality 

control samples 

The AFG pharmaceutical formulation Ecalta® was diluted with 100 mL milli-Q water to obtain a final 

concentration of 1 mg/mL and 50.0 mg VOR analytical reference substance were diluted with 50 mL 

ethanol to obtain a final concentration of 1 mg/mL. Aliquots of 1 mL for both stock solutions were 

stored at -80°C. Two aliquots of each stock solution, instead of two independently prepared stock 

solutions (see chapter 4.1), were used to spike either calibration (Cal) or quality control (QC) 

samples. The sample matrices were RS/HSA (0.5%) for AFG and RS for VOR. The stock solutions for 

Cal samples were diluted with the respective matrix to obtain working solutions of 0.1, 0.5, 1.0, 5.0, 

10, 20 µg/mL for AFG and of 1.5, 5.0, 10, 20, 60, 100 µg/mL for VOR. Subsequently, 10 µL of each 
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working solution of VOR were diluted with 90 µL water directly before analysis to reach the final 

concentrations of 0.15, 0.5, 1.0, 2.0, 6.0 and 10 µg/mL VOR. 

For QC samples, the stock solutions were diluted with RS/HSA (0.5%) for AFG and RS for VOR to 

obtain solutions of 0.1, 0.3, 10, 15 µg/mL for AFG and 0.15, 0.45, 5.0, 7.5 µg/mL for VOR. 

2.2.3 Method validation 

The bioanalytical HPLC assays for the quantification of AFG and VOR in the respective in vitro 

µDialysate matrix were developed and validated according to the criteria of the EMA Guideline on 

bioanalytical method validation [3]. The validation included determination of selectivity, carry-over, 

lower limit of quantification (LLOQ), linearity (calibration function), accuracy, precision and stability 

of AFG and VOR.  

Selectivity of the analytical method 

To avoid possible interferences of substances in the matrix or additives in perfusate with the AFG 

peak during HPLC, the assay was performed with the blank matrix of RS/HSA (0.5%) or 

dextran 40/HSA (5 mg/mL / 0.5%) in water and with CFG as additive in perfusate. Chromatograms of 

VOR were also analysed for interferences of substances in the matrix of RS. 

The respective blank matrix, RS/HSA (0.5%) or dextran 40/HSA (5 mg/mL / 0.5%) in water for AFG and 

RS for VOR, was repeatedly analysed and chromatograms were evaluated and compared to 

chromatograms from samples of AFG or VOR in the respective matrix. 

To verify the selectivity of the AFG assay for CFG, CFG stock solution (1 mg/mL in milli-Q water, 

stored at -80°C in 1 mL aliquots) was diluted to a concentration of 10 µg/mL and added to AFG 

calibration samples. Results were compared to CFG-free calibration samples. 

Carry-over effects 

The possible emergence of AFG or VOR carry-over effects to the following experimental run was 

investigated by successively injecting AFG or VOR samples concentrated at the pre-defined upper 

limit of quantification (ULOQ) (AFG: 20 µg/mL; VOR: 10 µg/mL) and blank matrix (nAFG=6; nVOR=5). 

Accuracy and precision 

Within- and between-day accuracy and precision were evaluated from QC samples analysed against 

the calibration curve, the obtained concentrations were compared to the nominal value. For 

validation of AFG and VOR, six QC samples per concentration (0.10, 0.30, 10.0 and 15.0 µg/mL for 

AFG and 0.15, 0.45, 5.00 and 7.50 µg/mL for VOR) were analysed on four different days. Accuracy 
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was calculated as the percentage deviation of Cobs (relative error, RE (%)) of QC samples from Cnom 

(Eq. 2-1). Precision was described by the coefficient of variation (CV, %) from multiple determinations 

(n=6 per concentration) (Eq. 2-2).  

𝑅𝐸, % =  
𝐶 − 𝐶

𝐶
· 100 Eq. 2-1 

𝐶𝑉, % =  
𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 (Cobs)

𝑀𝑒𝑎𝑛 (Cobs)
· 100 Eq. 2-2 

 

Lower limit of quantification and assay linearity 

The LLOQ was assessed by comparing the signal-to-noise-ratio (S/N) of the spiked µDialysate samples 

and the blank matrix. According to the EMA Guideline on bioanalytical method validation, the 

analyte signal (height of peak) of the LLOQ should be at least five times higher than the signal of the 

blank matrix [3]. Hence, AFG and VOR solutions were added to blank RS/HSA (0.5%) or RS, 

respectively, yielding concentrations from 0.05 µg/mL to 0.30 µg/mL for both analytes (n=5 per 

analyte). The lowest concentration of each analyte was defined as LLOQ which was quantified with 

acceptable accuracy (±20% RE) and precision (20% CV). Calibration curves consisting of six calibrator 

concentrations (nominal) were analysed by weighted linear regression (1/concentration2) against the 

respective peak areas. Linearity was evaluated in a concentration range from 0.10 µg/mL –

 20.0 µg/mL of AFG in RS/HSA (0.5%) (n=4) and from 0.15 µg/mL – 10.0 µg/mL of VOR in RS (n=4). 

Dilution integrity 

During experiments, if µDialysate samples had a higher concentration than the ULOQ, they were 

diluted with the respective matrix to concentrations in the calibration range. Therefore, dilution 

integrity was investigated before with the AFG and VOR stock solutions (1 mg/mL each). The stock 

solutions were serially (lower concentrations resulted from diluting the respective higher 

concentration) and non-serially (all dilutions were based on one stock or working solution) diluted. 

For serial dilution, AFG stock solution was diluted with RS/HSA (0.5%) to a concentration of 

40 µg/mL, which was outside the calibration range. Subsequently, the resulting solution was serially 

diluted to AFG concentrations of 20 µg/mL, 10 µg/mL and 4 µg/mL (n=5 each). VOR stock solution 

was diluted with RS to 200 µg/mL and afterwards with RS to 10 µg/mL, 5 µg/mL and 0.5 µg/mL VOR 

(n=3 each).  

Non-serial dilution was investigated by diluting the respective stock solution with the respective 

matrix to 40 µg/mL for AFG or 200 µg/mL for VOR. Following, the resulting solutions were non-

serially diluted with RS/HSA (0.5%) to 20 µg/mL, 10 µg/mL, and 4 µg/mL AFG (n=5 each) and with RS 
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to 10 µg/mL and 5 µg/mL VOR (n=3 each). Resulting serial or non-serial dilutions were analysed with 

the previously described bioanalytical method. For accuracy and precision of the resulting 

concentrations, a criterion of below ±15% was set [3]. 

Drug stability in microdialysate 

Different processes, such as the freeze and thaw, short-term at room temperature, autosampler 

(10°C) and long-term stability of the QC samples and stock solution of AFG were investigated. The QC 

samples and stock solution were spiked into RS/HSA (0.5%) and the stability of AFG in the matrix was 

evaluated using low (0.3 µg/mL) and high (15 µg/mL) concentrations of QC samples. To prove the 

stability of the stock solution, the 1 mg/mL AFG stock solution was spiked into RS/HSA (0.5%), 

resulting in a concentration of 15 µg/mL shortly before analysis.  

For the determination of the freeze and thaw stability of AFG, aliquots of each of the two QC 

concentrations (n=6 per cycle) and stock solution (n=5 per cycle) were analysed immediately after 

preparation and the 1st, 2nd and 3rd freeze and thaw cycle (freezing at -80°C for at least 12 h before 

they were thawed [3], completely thawing unassisted at room temperature, then refreezing for at 

least 12 h) and evaluated as described in Eq. 2-3. Long-term stability of QC samples of low and high 

concentrations of AFG (n=5) were analysed immediately and after storing the samples in the 

ultrafreezer (-80°C) for 7 months. Samples were evaluated as described in Eq. 2-3.  

Short-term and autosampler stability of AFG QC samples were investigated in sextuple and triplicate, 

respectively. For the determination of room temperature stability of AFG, QC samples were prepared 

and analysed immediately and after 4 and 24 h and the stock solution after 6 h (n=3) at room 

temperature and evaluated as described below. To investigate autosampler stability of AFG, QC 

samples were analysed immediately and after 6 and 24 h in the autosampler, which was tempered at 

10°C. Samples were evaluated as described in Eq. 2-3. 

The means of the peak areas per cycle were compared to the mean of the peak areas of the freshly 

prepared samples by calculating the recovery of the analyte after each cycle and storing condition 

(Eq. 2-3). Recovery should range from 85% to 115%. 

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦, % =
𝑃𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 storing condition

𝑃𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 freshly prepared
· 100 

Eq. 2-3 

Due to previous stability investigations of VOR in RS, performed by Simmel/Kirbs et al. [2,90], only 

autosampler (10°C) stability of QC samples of VOR in RS was investigated. The QC samples were 

spiked into RS and the stability of AFG in the matrix was evaluated using low (0.45 µg/mL) and high 

(7.5 µg/mL) concentrations of QC samples. 
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To investigate autosampler stability of VOR, QC samples were analysed in triplicate immediately and 

after 6 and 48 h in the autosampler, which was tempered at 10°C. Samples were evaluated as 

described in Eq. 2-3. 

 

2.3 Anidulafungin investigations in the static in vitro 

microdialysis system 

2.3.1 Static in vitro microdialysis system 

To gain reproducible results of basic investigations on feasibility of µDialysis for the analyte of 

interest, including FR, concentration range, composition of perfusate, sampling intervals and 

catheter design, a standardised sIVMS was used to perform in vitro µDialysis investigations as shown 

in Fig. 2.3-1, based on previous work by Simmel et al. [28]. Additionally, investigations on interactions 

of the analyte with µDialysis equipment and different catheter designs were conducted with the 

sIVMS. 

 

Fig. 2.3-1: The static in vitro microdialysis system (sIVMS). Standardised experimental conditions: (1) pump module, (2) 
catheter module, (3) thermo module, (4) stirring module [28]. 
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In the pump module of the sIVMS, microsyringes were placed in the µDialysis pumps, located on a 

platform. The platform was installed above a heating compartment for medium containers (thermo 

module). Catheters were connected with the microsyringes in the µDialysis pumps and the 

membranes of catheters were fixed in the medium containers (catheter module), surrounded by the 

thermo module. An adjustable rack was installed on top of the thermo module to store the sampling 

vials during investigations. Due to technical standardisation, heights and distances between the 

platform of the pump module and thermo module were constant, which was crucial for 

reproducibility of results. Medium vessels in the thermo module were tempered at the physiological 

body temperature of 37°C. Additionally, a magnetic stir bar was placed into the medium container, 

which was set in motion with a magnetic stirrer underneath the thermo compartment (stirring 

module), to mimic the movement of body fluids in the tissue. 

To get a better understanding of the conducted investigations, the experimental set-up is shown 

schematically in Fig. 2.3-2. Medium was sampled with a syringe and µDialysate was collected in a vial. 

Furthermore, the figure depicts the membrane placed in the medium and a microsyringe, filled with 

perfusate, perfusing the catheter. 

 

Fig. 2.3-2: Detailed close-up of the microdialysis catheter. Medium samples were taken with a syringe and the 
microdialysate samples collected in a vial. A microsyringe is filled with perfusate, which is perfused through the catheter 
and its membrane. The catheter membrane is placed in medium. 
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2.3.1.1 Microdialysis system settings 

As described in chapter 2.3.1, a standardised sIVMS was utilised for in vitro µDialysis investigations 

mimicking physiological conditions. These physiological conditions were mainly the mimicry of body 

temperature and fluid movement outside the membrane. Hence, temperature in the thermo 

compartment was always set to 37°C and stirring to 700 min-1. The FR was adjustable, but only FR of 

1 and 2 µL/min were investigated in the following due to their typical usage during in vivo clinical 

studies.  

2.3.1.2 Preparation of solutions used as perfusate or medium 

Solutions of AFG were prepared by diluting the Ecalta® stock solution (1 mg/mL AFG in milli-Q water) 

with a mixture of RS/HSA (0.5%) to the respective concentrations. CFG stock solution (1 mg/mL in 

milli-Q water) was diluted with a mixture of RS/HSA (0.5%) to the respective concentrations. 

VOR stock solution of 1 mg/mL in ethanol was diluted with RS to final concentrations. 

The composition of perfusate and medium was individually adapted for the respective investigations. 

2.3.2 Static in vitro microdialysis of anidulafungin 

Before start of µDialysis investigations, catheters were equilibrated with the respective perfusate in 

medium for at least 15 min. A minimal sample volume of 20 µL was needed for the bioanalytical 

quantification of AFG. Thus, a sample volume of 40 µL was aimed at to ensure quantification due to a 

loss of perfusate volume in the µDialysate samples.  

2.3.3 Feasibility of microdialysis for anidulafungin: Behaviour of 

anidulafungin in microsyringes 

First, two sets of microsyringes were studied: (i) three new microsyringes and (ii) three microsyringes 

which were washed with RS/HSA after containing 50 µg/mL AFG in RS/HSA (0.5%) for several hours. 

AFG perfusate concentration in microsyringes was set to 0.2 µg/mL. After the microsyringes were 

filled with 0.2 µg/mL AFG in RS/HSA (0.5%), samples of 40 µL (1 drop) were collected (n=9 samples 

per microsyringe) from microsyringes and the production vial (here, drug solution and matrix were 

mixed, n=8-9 samples per production vial). Samples were taken in 40 min intervals (corresponding to 

µDialysate sampling intervals) for 320 min. The first drop from microsyringes was discarded before 

taking the sample. The two sets of microsyringes were compared regarding precision, calculated as 

CV (%), and accuracy, calculated as percentage deviation of Cobs from Cnom (RE, (%), of AFG 

concentrations (CAFG) in samples and the course of CAFG over time per microsyringe. 
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2.3.4 Feasibility of microdialysis for anidulafungin: Comparison of 

microdialysis catheters 

First, two CMA63® and two CMA71® catheters with a cut-off of 20 kDa and 100 kDa, respectively, 

were perfused with RS/HSA (0.5%) at a FR of 2 µL/min in a medium containing 10 µg/mL AFG in 

RS/HSA (0.5%). Sampling of µDialysate and medium (n=1 per catheter/medium and time point) 

started after 15 min of equilibration in intervals of 30 min for 90 min (Fig. 2.3-3). Subsequently, the 

samples were quantified with the previously validated HPLC method (see chapter 2.2.3) and RR was 

calculated (Eq. 1-1). The catheter design, which resulted in a higher RR was chosen for further 

investigations. 

 

Fig. 2.3-3: Sampling schedule (microdialysate, perfusate and medium) of feasibility investigation with CMA63® and CMA71® 
catheters for anidulafungin in the static in vitro microdialysis system. 

2.3.5 Feasibility of microdialysis for anidulafungin: Recovery 

investigation of anidulafungin with microdialysis catheters 

Three CMA71® catheters were perfused with RS/HSA (0.5%) in a medium containing 1 µg/mL AFG in 

RS/HSA (0.5%). Catheters were perfused at a FR of 1 µL/min for 480 min (=8 h) and µDialysate and 

medium samples (n=1 per catheter/medium and time point) were taken in 40 and 80 min intervals, 

respectively (Fig. 2.3-4).  
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Fig. 2.3-4: Sampling schedule (microdialysate, perfusate and medium) of recovery investigation with CMA71® catheters for 
anidulafungin (AFG) in Ringer’s solution (RS) and human serum albumin (HSA (0.5%)) containing medium with AFG-free 
perfusate consisting of RS and HSA (0.5%) in the static in vitro microdialysis system. 

Samples were quantified with the bioanalytical method for AFG (see chapter 2.2.3). RR (Eq. 1-1) was 

calculated over time. Vials were weighed before and after sample taking. The difference in weight 

from full to empty vial was determined. The volume of the sample was calculated by using Eq. 2-4 

with the assumption that RS/HSA containing perfusate had the same density as water. The sample 

volume in µDialysate (VµDialysate) was determined with the sample weight (mµDialysate) and density of 

water (ρH2O): 

VµDialysate =
mµDialysate

𝜌H2O
 Eq. 2-4 

The nominal volume was 40 µL (1 µL/min in 40 min). The RE of observed compared to nominal 

volume was calculated. 

In the following, the RR was calculated with the observed CAFG in µDialysate and additionally with a 

factor for volume correction (Eq. 2-5). The volume-corrected relative recovery (RRVolume-corrected) was 

determined with the RR calculated from observed concentrations in µDialysate and the RE of the 

volume in µDialysate: 

RRVolume-corrected, % = RR · 1 +
𝑅𝐸

100
 Eq. 2-5 
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The results for RR and RRVolume-corrected were used to estimate its time evolvement, the maximum RR 

(RRmax) and its confidence interval (CI). RRmax and tRR,50 (and tRR,90) were estimated with a 

mathematical model assuming Michaelis-Menten kinetics (Eq. 2-6) derived from the Langmuir 

adsorption isotherme [91] in R (version 3.4.1) and R Studio (version 1.0.143). RRt (%) is the RR at a 

specific time point t, t (min) is the time point, tRR,50 (min) is the time at which 50% of RRmax is achieved 

and RRmax is the maximum RR: 

𝑅𝑅 , % =
·  Eq. 2-6 

2.3.6 Feasibility of microdialysis for anidulafungin: Influence of dextran 

on ultrafiltration 

Two CMA71® catheters were perfused with a solution of 5 mg/mL dextran 40 and HSA (0.5%) in milli-

Q water in a medium containing 1 µg/mL AFG in RS/HSA (0.5%). 

Catheters were perfused with a FR of 1 µL/min for 480 min and µDialysate and medium (n=1 per 

catheter and medium) were taken in 40 and 80 min intervals, respectively (Fig. 2.3-5). 

 

Fig. 2.3-5: Sampling schedule (microdialysate, perfusate and medium) for microdialysis recovery investigation of 1 µg/mL 
anidulafungin (AFG) in Ringer’s solution (RS) and human serum albumin (HSA (0.5%)) containing medium with AFG-free 
perfusate consisting of dextran (5 mg/mL) and HSA (0.5%).  

The volume in µDialysate samples was determined by weighing vials prior and after sample 

collection. The percentage deviation (RE, %) of of the recovered volume to the nominal volume of 

40 µL in µDialysate was calculated. Samples (µDialysate and medium) were quantified with the 

bioanalytical method for AFG (see chapter 2.2). In the following, RR was calculated (Eq. 1-1) from 

observed CAFG and with a volume correcting factor (RRVolume-corrected, Eq. 2-5). Additionally, RRmax was 

estimated with a mathematical model (Eq. 2-6) and compared to results from chapter 2.3.5. 
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2.3.7 Feasibility of microdialysis for anidulafungin: Influence of catheter 

pre-coating on adsorption 

The following investigations were performed with CFG and AFG for pre-coating of catheters before 

start of µDialysis investigations. 

2.3.7.1 Catheter pre-coating with caspofungin 

Three different approaches were investigated for AFG recovery from the medium. The first 

investigation (i) examined a perfusate of 50 µg/mL CFG in RS/HSA (0.5%) and pre-coating of 2 h, the 

second (ii) investigated also a perfusate of 50 µg/mL CFG in RS/HSA (0.5%) and a prolonged pre-

coating of 14 h (overnight), the third (iii) studied 200 µg/mL CFG in RS/HSA (0.5%) in perfusate and 

pre-coating overnight (15 h). For each investigation, three CMA71® catheters were perfused with the 

respective perfusate of (i), (ii) or (iii) for the respective time (2 h or overnight). The CFG-containing 

perfusate was also perfusing catheters during the recovery investigation to ensure continuous 

coating of the surface. The medium contained (i) RS/HSA, (ii) 50 µg/mL and (iii) 200 µg/mL CFG 

during catheter pre-coating and 1 µg/mL AFG in RS/HSA (0.5%) during the sampling period. 

µDialysate and medium (n=1 per catheter/medium and time point) were collected at a FR of 

1 µL/min (i) in 80 min intervals for 400 min (Fig. 2.3-6), (ii) in 40 min intervals for 480 min (Fig. 2.3-7), 

and (iii) in 40 min intervals for 480 min (Fig. 2.3-8). Samples (µDialysate and medium) were 

quantified with the bioanalytical HPLC assay for AFG, which was validated for the selectivity of the 

assay for separation of AFG and CFG (see chapter 2.2.3). RR (without volume correction) was 

calculated from µDialysate (Eq. 1-1) and RRmax was estimated by nonlinear regression (Eq. 2-6) and 

compared to RRmax from the investigation with RS/HSA (0.5%) containing perfusate without CFG (see 

chapter 2.3.5). 

 

Fig. 2.3-6: Sampling schedule (microdialysate, perfusate and medium) of (i): (pre-) coating of the catheter with 50 µg/mL 
caspofungin (CFG) for 2 h prior (in CFG-free medium) and during microdialysis recovery investigation of 1 µg/mL 
anidulafungin (AFG) in Ringer’s solution (RS) and human serum albumin (HSA (0.5%)) containing medium. 
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Fig. 2.3-7: Sampling schedule (microdialysate, perfusate and medium) of (ii): (pre-) coating of the catheter with 50 µg/mL 
caspofungin (CFG) prior (in CFG-containing medium), overnight, and during microdialysis recovery investigation of 1 µg/mL 
anidulafungin (AFG) in Ringer’s solution (RS) and human serum albumin (HSA (0.5%)) containing medium. 

 

Fig. 2.3-8: Sampling schedule (microdialysate, perfusate and medium) of (iii): (pre-) coating of the catheter with 200 µg/mL 
caspofungin (CFG) prior (in CFG-containing medium), overnight, and during microdialysis recovery investigation of 1 µg/mL 
anidulafungin (AFG) in Ringer’s solution (RS) and human serum albumin (HSA (0.5%)) containing medium. 

 

2.3.7.2 Catheter pre-coating with anidulafungin 

Three CMA71® catheters were perfused with 0.2 µg/mL AFG containing RS/HSA (0.5%) perfusate 

during the process of overnight pre-coating in an AFG-free RS/HSA (0.5%) medium. After pre-coating 

was completed, catheters were transferred into a medium containing 1 or 8 µg/mL AFG in RS/HSA 

(0.5%) and were further perfused with 0.2 µg/mL AFG in RS/HSA (0.5%) (see Fig. 2.3-9 and Fig. 

2.3-10). Samples of medium, µDialysate and perfusate (n=1 per catheter/medium and time point) 

were quantified with the bioanalytical assay for AFG (see chapter 2.2).  

CAFG in µDialysate samples during the pre-coating phase in AFG-free medium were quantified (mean 

and CV were calculated) and used to calculate the relative delivery (rD) (Eq. 1-2). The RR (without 

volume correction) during the recovery investigation was calculated by using Eq. 2-7. Here, CAFG from 

µDialysate (CµDialysate), mean CAFG in perfusate (CPerfusate) and medium (CMedium) were implemented. 
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RRmax was estimated by nonlinear regression with Eq. 2-6. RRmax of both investigations and the 

standard investigation with RS/HSA (0.5%) containing perfusate and 1 µg/mL AFG in medium 

(without pre-coating) were compared (see chapter 2.3.5). 

RR, % =
Cµ −  C

C −  C
∗ 100 Eq. 2-7 

 

Fig. 2.3-9: Sampling schedule of medium, microdialysate and perfusate samples during recovery investigations of 
anidulafungin (AFG) with additional pre-coating of the catheter. Perfusion of catheters with 0.2 µg/mL AFG containing 
Ringer’s solution (RS) and human serum albumin (HSA) overnight and microdialysis of 1 µg/mL AFG containing medium for 
8 h. 

 

Fig. 2.3-10: Sampling schedule of medium, microdialysate and perfusate samples during recovery investigation of 
anidulafungin (AFG) with additional pre-coating of the catheter. Perfusion of catheters with 0.2 µg/mL AFG containing 
Ringer’s solution (RS) and human serum albumin (HSA) overnight and microdialysis of 8 µg/mL AFG containing medium for 
8 h. 

 

2.3.8 Feasibility of microdialysis for anidulafungin: Investigation of 

retrodialysis 

Apart from the recovery of AFG, the delivery in a retrodialysis calibration setting was investigated. 

The design of the delivery (or retrodialysis) investigation was reduced to investigations with a single 

CAFG of 200 µg/mL in perfusate and different medium concentrations. Here, rD was determined. 
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Three CMA71® catheters were perfused with 200 µg/mL AFG in RS/HSA (0.5%) containing perfusate. 

The investigations took place in an (i) AFG-free or a (ii) 10 µg/mL AFG in RS/HSA (0.5%) medium. An 

equilibration period of 15 min was performed before each delivery investigation started. µDialysate, 

perfusate and medium samples (n=1 per catheter/perfusate/medium per time point) were taken 

during the investigation (Fig. 2.3-11). The rD was calculated according to equation Eq. 1-2.  

 

Fig. 2.3-11: Sampling schedule of medium, microdialysate and perfusate samples during delivery investigation of 
anidulafungin (AFG). Perfusion of catheters with 200 µg/mL AFG containing Ringer’s solution (RS) and human serum 
albumin (HSA) in AFG-free or 10 µg/mL AFG containing medium. 

 

2.4 Voriconazole static in vitro microdialysis 

2.4.1 Dependence of relative recovery and relative delivery on flow rate 

or concentration 

Three CMA60® catheters (20 kDa cut-off) were placed in a VOR containing (recovery) or VOR-free 

medium of RS (delivery, retrodialysis) and perfused with either VOR-free RS (recovery) or VOR 

containing RS (delivery, retrodialysis).  

The dependency of RR and rD on FR and concentration were investigated using flow rates of 

1 µL/min or 2 µL/min and 10 or 20 min sampling intervals, respectively. VOR concentrations in 

medium (for recovery) or perfusate (for delivery) were 0.5-4.0 µg/mL (n=4 samples per 

concentration, FR and catheter) (Tab. 2.4-1). RR was calculated with Eq. 1-1 and rD with Eq. 1-2. 
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Tab. 2.4-1: Experimental settings for recovery and delivery investigations with changing voriconazole concentrations (CVOR) 
and flow rates.  

 

 

 

 

 

 

2.4.2 Investigation of retrodialysis 

For a further investigation of retrodialysis (delivery), three CMA60® catheters were perfused with 20 

or 200 µg/mL VOR in RS. Investigations were conducted in VOR-free medium (i), medium with 

1 µg/mL VOR in RS (ii) and 10 µg/mL VOR in RS (iii). Sampling intervals for µDialysate were 10 min 

(n=3 samples per medium, perfusate and catheter) at a flow rate of 2 µL/min (Tab. 2.4-2). rD was 

calculated with Eq. 1-2. 

Tab. 2.4-2: Experimental settings for retrodialysis with steady state conditions and changing voriconazole concentrations 
(CVOR) in medium. 

Experimental settings  

(i) 

Retrodialysis  

(ii) 

 

(iii) 

Stirring [min-1] 700 

Temperature [°C] 37 

CVOR in medium [µg/mL] - 1 10 

CVOR in perfusate [µg/mL] 20, 200 20, 200 20, 200 

Flow rate [µL/min] 2 

  

Experimental setting Recovery 

investigation 

Delivery. 

investigation 

Stirring [min-1] 700 

Temperature [°C] 37 

CVOR in medium [µg/mL] 0.5, 1.5, 3.0, 4.0 - 

CVOR in perfusate [µg/mL] - 0.5, 1.5, 3.0, 4.0 

Flow rate [µL/min] 1.0, 2.0 1.0, 2.0 
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2.5 Antifungals in a dynamic in vitro microdialysis system 

2.5.1 Development of the dynamic in vitro microdialysis system 

In this thesis, the development of a prototype of the dIVMS was described, which was suitable to 

simulate pharmacokinetic profiles appearing in vivo. A prototype of the experimental dIVMS was 

developed. The experimental model should contain a medium vessel, in which µDialysis catheters 

could be placed and medium samples could be taken, a pump to control drug concentrations in the 

medium by pumping drug-free or drug containing medium into and from the medium vessel and a 

thermo-system to enable physiological temperatures in the medium. 

2.5.2 Validation of the dynamic in vitro microdialysis system 

During the validation of the dIVMS, investigated parameters were temperature in the flask, 

continuous pumping of medium fluid into and from the flask and continuous stirring of the medium 

in the flask. 

The temperature of the water bath was set to a physiological body temperature of 37.4°C [92] and 

the temperature-time profile was monitored for 23 h. Therefore, digital thermometers were placed 

in the water of the inner chamber of the flask and in the heated water bath. The mercury 

thermometer was also placed in the heated water bath. The temperature in the flask and in the 

water bath was documented in 5 or 10 min intervals during the first hour, followed by 1 h intervals 

up to 7 h and after 23 h of the investigation.  

Continuous pumping was investigated with water in a (new) pair of tubings at speed of 23 rpm (only 

adjustment by rpm possible). The set speed was comparable to the speed during the following 

µDialysis investigations in the dIVMS. The resulting pump rate (PR) was measured as volume per 

minute with samples of in- and outflow of two tubings fixed in the peristaltic pump (ISMATEC). 

Sampling (nin+outflow=31-32 samples per interval) of in- and outflow was performed at three different 

intervals: 0-1 h, 5-6 h and 24-25 h. Empty or water containing vials were weighed before and after 

taking in- and outflow samples. The difference in mass was converted to volume (Eq. 2-8) per time = 

PR (Eq. 2-13). 

𝑉[𝑚𝐿] =
Δ𝑚[𝑔]

𝜌[
𝑔

𝑚𝐿
]
 Eq. 2-8 

Continuous stirring of the membrane-surrounding medium in the inner chamber was performed with 

a magnetic stir bar (oval shape; max. diameter 10 mm) in and a magnetic stirrer below the glass flask. 

Homogenous distribution of the membrane-surrounding medium was investigated at a stirring 
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velocity of 700 rpm, testing whether the homogenous distribution of 50 µL methylene blue solution 

(1%) was visually achieved within 2 min (n=10). 

2.5.3 In silico simulations and in vitro mimicry of concentration-time 

profiles of antifungals in the dynamic in vitro microdialysis system 

2.5.3.1 In silico simulation of pharmacokinetic profiles of antifungals 

For the investigation of in vitro pharmacokinetic profiles with µDialysis, first pharmacokinetic 

parameters from literature were required to simulate in silico PK profiles of VOR and AFG. 

Afterwards, pharmacokinetic profiles were mimicked with the dIVMS.  

For simulating an in vitro PK profile with the dIVMS, simulations should be based on in vivo profiles of 

the respective drug. For VOR and AFG, the applied PK profiles were founded on steady state plasma 

(VOR [80], AFG [73]) and ISF concentrations (VOR [2]). Simulations were derived from the in vivo 

clearance. A one-compartment model was used for in silico simulations of the dIVMS. In vivo, VOR 

and AFG were administered as i.v. infusions, but for the experimental setup the bolus application 

was chosen. The applied PK characteristics from literature are listed in Tab. 2.5-1.  

Tab. 2.5-1: Pharmakokinetic characteristics of voriconazole (VOR) in plasma [80] after infusion at steady-state and 
interstitial space fluid (ISF) [2] and of anidulafungin (AFG) in plasma [73] after infusion at steady-state: half-life (t1/2), 
maximum concentration (Cmax), plasma protein binding (PPB). 

Pharmacokinetic characteristics 
VOR 

plasma 

VOR 

ISF 

AFG 

plasma 

Drug half-life (t1/2) [h] 6.0 8.5 20.8 

Cmax [µg/mL] 4.7 (total) 0.94 (unbound) 6.6 (total) 

PPB, % 58 unbound not specified 

 

The PK characteristics were used to calculate the experimental conditions for the dIVMS. Since 

investigations in the dIVMS with AFG were conducted in HSA-containing and VOR in protein-free 

medium, the maximum unbound VOR concentration (Cmax,unbound) was calculated according to Eq. 2-9. 

The percentage of unbound molecules was multiplied with the maximum total drug concentration in 

plasma (Cmax,total). For AFG, total plasma concentrations were used. To calculate the drug 

concentration in the i.v. bolus injection (CIV bolus injection), first the dose of the analyte (D) was calculated 

by multiplying the maximum total or unbound drug concentration (Cmax,total/unbound) with the volume of 

the medium fluid in the glass flask (VMedium), which was 100 mL, shown in Eq. 2-10. CIV bolus injection was 

calculated in Eq. 2-11 by dividing the dose of the analyte with the volume of the i.v. bolus injection 

(VIV bolus injection). For the elimination rate constant (ke), ln(2) was divided by the drug half-life (t1/2) in 
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Eq. 2-12 and the PR by multiplying ke with VMedium and dividing it by the factor 60 to get the unit of PR 

in minutes instead of hours (see Eq. 2-13). 

 

𝐶 ,

µ𝑔

𝑚𝐿
= 𝐶 , ·  

100 − 𝑃𝑃𝐵

100
 Eq. 2-9 

 

𝐷 [µ𝑔] =  𝐶 , / · 𝑉  Eq. 2-10 

 

𝐶   

µ𝑔

𝑚𝐿
=  

𝐷

𝑉   
 Eq. 2-11 

 

𝑘 [ℎ ] =  
ln (2)

𝑡 /
 Eq. 2-12 

 

𝑃𝑅 
𝑚𝐿

𝑚𝑖𝑛
=

𝑘 · 𝑉

60
  Eq. 2-13 

 

The total (AFG) or unbound (VOR) drug concentration at the different time points t was calculated 

with Eq. 2-14. Here, a one-compartment model with first order kinetics and drug administration via 

i.v. bolus was described: C(t): total/unbound drug concentration at time point t [µg/mL];  

Cmax: maximum total/unbound drug concentration [µg/mL]; ke: elimination rate constant [h-1]; t: time 

point [h] 

𝐶(𝑡)
µ𝑔

𝑚𝐿
=  𝐶 ·  𝑒 ·  Eq. 2-14 

In the following, concentration-time profiles were simulated for different time periods. 

2.5.3.2 In vitro mimicry of pharmacokinetic profiles 

After calculating the concentration-time profile for the antifungal drugs in silico, the experimental 

investigation was performed with the dIVMS. Preliminary to performing µDialysis investigations, the 

mimicry of the respective concentration-time profiles was investigated. 
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Voriconazole 

Mimicry of human concentration-time profiles of VOR were based on plasma data from 

Theuretzbacher et al. [80] (i) or ISF data from Simmel et al. [2] (ii). The PR was set to 193 µL/min for 

(i) and to 136 µL/mL for (ii). Injection solutions had a Cnom of 394.8 µg/mL for a Cmax of 1.97 µg/mL (i) 

in medium or 188 µg/mL for a Cmax of 0.940 µg/mL (ii) VOR in RS containing medium. In the inner 

chamber of the glass flask was a volume of 99.5 mL RS. The temperature of the water bath was set to 

37°C and the stirring velocity to 700 min-1. Two tubings were placed into the pump and connected to 

the medium in the flask. The investigations started after injection of 500 µL VOR bolus solution into 

the medium to reach Cmax. Samples of VOR from the medium were collected after 1, 10 and 30 min 

after injection, followed by 30 or 60 min intervals up to 8 h (n=1 sample per time point for (i) and n=3 

sample per time point for (ii)). Based on the data from Simmel et al., a long-term investigation of 

55 h was performed for VOR (iii). Samples were taken in 30 to 60 min intervals during 55 h (n=1 

sample per time point). 

Anidulafungin 

Mimicry of concentration-time profiles of AFG was based on plasma data from Crandon et al. [73]. 

The PR was set to 55.5 µL/min for AFG. The injection solution had a Cnom of 660 µg/mL AFG for a Cmax 

of 6.60 µg/mL in RS/HSA (0.5%) containing medium. In the inner chamber of the glass flask was a 

volume of 99.0 mL RS/HSA (0.5%). The temperature of the water bath was set to 37°C and the 

stirring velocity to 700 min-1. Two tubings were placed into the pump and connected to the medium 

in the flask. The investigations started after injection of 1 mL AFG bolus solution into the medium to 

reach Cmax. Samples of AFG from medium were collected after 2, 10 and 30 min after injection, 

afterwards in 30 min intervals up to 2 h and followed by 10 to 20 min intervals up to 6 h (n=1 sample 

per time point). 

Pump rate settings and bioanalytical quantification 

After starting the pump, empty vials were weighed and subsequently 3 samples of the outflow of 

each tubing (ntubing=2) were taken per minute and weighed consecutively. The PR was determined 

(with Eq. 2-8 for volume and the PR=volume per minute) and adjusted if necessary. The investigation 

started after the nominal PR was achieved. After the end of the investigation, the procedure for 

determining the PR was performed again. Here, the PR was determined and potential deviations 

from previously determined PR were recorded. 

Medium Samples from investigations with VOR and AFG were quantified with the respective HPLC 

assays (see chapter 2.2). The in silico concentration-time profile was based on Cobs of AFG or VOR in 
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the injection solution of the syringe. To describe the variability of the analyte concentration in 

medium, the variability, expressed as CV (%), of the pump in the dIVMS and of the bioanalytical 

method (precision of QC samples) of the respective analyte, was plotted around the in silico 

calculated concentration-time profiles of the analyte.  

2.5.4 In vitro microdialysis investigations with the dynamic in vitro 

microdialysis system 

The dIVMS was validated previously and various concentration-time profiles of VOR and AFG were 

recorded as described in the previous paragraph. Hence, µDialysis investigations with the model 

drugs VOR and AFG using retrodialysis as calibration method were enabled with the dIVMS.  

Voriconazole 

µDialysis investigation of VOR in the dIVMS was performed with 3 CMA60® catheters (20 kDa cut-

off). Catheters were perfused with VOR-free RS at a FR of 2 µL/min. The investigation started after 

the i.v. bolus injection of Cnom 9.4 µg/mL VOR into the RS in the inner chamber of the flask 

(Vflask=100 mL). To mimic the concentration-time profile, the same volume of fresh RS was pumped 

into the inner chamber of the flask as VOR in RS was pumped from the flask at a PR of 136 µL/min. 

µDialysate samples (n=1 sample per catheter and time point) were taken in 10 or 30 min intervals for 

5 h. Medium samples (n=1 per time point) were taken after 2, 10 and 30 min followed by 30 min 

intervals up to 5 h. The µDialysis investigation started after an equilibration phase of 15 min. 

Subsequently to the µDialysis investigation, the retrodialysis investigation was performed with a 

perfusate containing 20 µg/mL (i) or 200 µg/mL (ii) VOR in RS. Here, after a 15 min equilibration 

phase, samples (n=1 sample per microsyringe) were taken from perfusate in 10 min intervals for 

30 min.  
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Experimental settings for investigations (i) and (ii) are listed in Tab. 2.5-2. 

Tab. 2.5-2: Experimental settings of microdialysis investigations in the dynamic in vitro microdialysis system with 20 and 
200 µg/mL voriconazole (VOR) in perfusate during retrodialysis. Cmax: maximum concentration; RS: Ringer’s solution. 

Experimental settings Retrodialysis with 20 µg/mL VOR Retrodialysis with 200 µg/mL VOR 

Catheter, membrane length CMA60®, 30 mm 

Perfusate RS 

Medium VOR in RS 

Flow rate [µL/min] 2 

Cmax in medium [µg/mL] 0.94 

Pump rate [µL/min] 136 

Sampling intervals microdialysate 

[min] 
10 and 30 min 

Sampling intervals medium [min] 2, 10, 30 min and in 30 min intervals 

 

Anidulafungin 

µDialysis investigation of AFG in the dIVMS was performed with 3 CMA71® catheters (100 kDa cut-

off). Catheters were perfused with AFG-free RS/HSA (0.5%) at a FR of 1 µL/min. The investigation 

started after the i.v. bolus injection of Cnom 660 µg/mL AFG into the RS/HSA (0.5%) in the inner 

chamber of the flask. To mimic the concentration-time profile, the same volume of fresh RS/HSA 

(0.5%) was pumped into the inner chamber of the flask as AFG in RS/HSA (0.5%) was pumped from 

the flask at a PR of 55.5 µL/min. µDialysate samples (n=1 sample per catheter and time point) were 

taken in 40 min intervals for 6 h. Medium samples (n=1 per time point) were taken 1 min before and 

2, 10 and 30 min after start of investigation followed by 30 min intervals up to 6 h. The µDialysis 

investigation started after an equilibration phase of 15 min. Subsequently to the µDialysis 

investigation, the retrodialysis investigation was performed with a perfusate containing 200 µg/mL 

AFG in RS/HSA (0.5%). Here, after a 15 min equilibration phase, samples (n=1 sample per 

microsyringe) were taken from perfusate in 40 min intervals for 120 min.  
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Experimental settings for the investigation are listed in Tab. 2.5-3. 

Tab. 2.5-3: Experimental settings of microdialysis investigations with the dynamic in vitro microdialysis system with 
200 µg/mL anidulafungin (AFG) in perfusate during retrodialysis. Cmax: maximum concentration; RS: Ringer’s solution; HSA: 
human serum albumin. 

Experimental settings Retrodialysis with 200 µg/mL AFG 

Catheter, membrane length  CMA71®, 20 mm 

Perfusate RS/HSA (0.5%) 

Medium AFG in RS/HSA (0.5%) 

Flow rate [µL/min] 1 

Cmax in medium [µg/mL] 6.60 

Pump rate [µL/min] 55.5 

Sampling intervals microdialysate [min] 40 min 

Sampling intervals medium [min] -1, 2, 10, 30 min and in 30 min intervals 

 

Pump rate settings, bioanalytical quantification and calculations 

The PR was adjusted as explained in chapter 2.5.3.2. 

The AFG and VOR sample vials of µDialysate were weighed before and after the sampling intervals. 

The weight of the samples was determined, and the respective volume calculated (Eq. 2-4). The 

accuracy expressed as the percentage deviation of the nominal volume (RE, %) of the µDialysate 

sample from the nominal volume of 40 µL was calculated.  

Samples of injection solution, medium, perfusate and µDialysate were quantified with the validated 

HPLC assay for AFG or VOR (see chapter 2.2.3).  

The in silico concentration-time profile was based on Cobs of AFG or VOR in the i.v. injection solution 

of the syringe. To describe the variability of the analyte concentration in medium, the variability, 

expressed as CV (%), of the pump in the dIVMS and of the bioanalytical method (precision of QC 

samples) of the respective analyte, was plotted around the in silico calculated concentration-time 

profiles of the analyte. The CV of the pump in the dIVMS was 4.50% (rounded up from 4.38% (Tab. 

3.4-2) after equilibration (5-6 h interval). A maximum CV (precision of QC samples) of the 

bioanalytical method of VOR was 9.32%, which was rounded up to 9.50% (Tab. 3.1-3), and of AFG 

8.00%. 

After analysing AFG or VOR in µDialysate samples from retrodialysis, the RR was calculated (Eq. 1-3). 

A mean RR was determined per catheter (n=3 samples per catheter) and AFG or VOR medium 

concentrations, based on the µDialysate concentrations, were calculated according to Eq. 1-4. To 

compare the observed concentration in medium to the calculated medium concentrations from 
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µDialysate, the variability of the pump and the respective bioanalytical method was plotted around 

the observed medium concentration. 

 

2.6 Descriptive and explorative statistics 
For statistical analysis, different software as described in section 2.7 was applied. In Tab. 2.6-1, 

description and calculation of standard localisation and dispersion parameters are given [93]. 

Throughout the work, a central tendency was described by localisation parameters and the variability 

of a distribution by dispersion parameters. The CI was used as an interval estimate of a parameter, 

which likely contained the parameter.  

Tab. 2.6-1: Statistical parameters for localisation and dispersion. 

Parameter Expression 

Localisation parameters (continuous data)  

Arithmetic mean (x)̅ x =  
∑ 𝑥

𝑛
 

Relative error (RE) RE, % =
𝐶 − 𝐶

𝐶
· 100 

Dispersion parameters (continuous data)  

Range (R) Minimum (Min) – Maximum (Max) 

Standard deviation (SD) 𝑆𝐷 =  
∑ (𝑥 − �̅�)

𝑛 − 1
 

Coefficient of variation (CV) 𝐶𝑉, % =  
𝑆𝐷

�̅�
· 100 

 

In addition, explorative statistical analysis was also accomplished using appropriate statistical tests 

shown in Tab. 2.6-2 [93]. The choice of the appropriate statistical test was dependent on the 

statistical problem, the distribution of data (normally and not normally distributed), the homogeneity 

of variance of the parameter (homogeneous or heterogeneous) and the sample size (n). The 

significance level α was set to 0.05, implying statistically significant differences (rejection of null 

hypothesis) with probability values (p) of less than 5% (p<0.05). 
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Tab. 2.6-2: Statistical hypothesis tests. 

Statistical test Description 

Test on normal distribution 

Shapiro-Wilk normality test Test of normality of the data (n<50) 

Test on homogeneity of variance 

F-test Test of homogeneity of two variances 

Levene’s test Test of homogeneity of variances of more than two groups 

Parametric test (applied for normally distributed data and homogeneous variances) 

One-way ANOVA (analysis of 

variance) 
Test to compare the means of more than two groups (unpaired samples) 

Student’s t-test 
Test of the significance of the difference between two sample means 

(two unpaired samples) 

Non-parametric test (applied for not normally distributed data) 

Kruskal-Wallis test 
One-way analysis of variance by ranks to compare multiple unpaired 

samples 

Wilcoxon-Mann-Whitney test 

(rank-sum test) 
Rank test to compare two unpaired samples 

 

Linear regression analysis was used to describe the relationship between values of a dependent 

variable (outcome of a measurement, yi) and one or more independent variables (xi). The relation 

was calculated using the regression equation y=f(x, ß), representing y as a function of the 

independent variables x, the unknown model parameters ß, and corresponding constants. The aim of 

the regression analysis was to estimate model parameters, which best described the relation among 

variables. Estimation was achieved by using least square method, which meant reduction of squared 

distances between observed and predicted values of the dependent variable y. The goodness of fit 

was characterised and confirmed by the coefficient of determination R2 (0≤R2≤1). An R2 of 1 implies 

that the regression line perfectly fits the data. With decreasing R2, data is less well described by the 

regression line. By plotting calculated values against predicted values, the model fit was also 

assessed graphically (goodness-of-fit plots).  

A nonlinear regression model was used to describe the RR over time. Hence, RRmax, tRR,50 and tRR,90 

were estimated with a mathematical model assuming Michaelis-Menten kinetics (Eq. 2-6). 
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2.7 Software 
Microsoft® Office Excel 2016   Microsoft Corporation, Redmond, Washington, USA 

R, version 3.4.1    R Core Team (2017), Vienna, Austria 

     URL http://www.R-project.org/ 

RStudio, version 1.0.143  RStudio Team (2016), Inc., Boston, MA, USA 

Chromeleon®   ThermoFisher SCIENTIFIC Chromatography Data System,  

  Waltham, Massachusetts, USA, Version 7.2, 2016 

For calculation of AFG and VOR concentrations from analysed µDialysate, medium and perfusate 

samples, Microsoft® Office Excel 2016 and R 3.4.1 together with RStudio 1.0.143 were used. 

Statistical analysis was performed using R 3.4.1, RStudio and Microsoft® Office Excel 2016, statistical 

tests were performed in R 3.4.1 and RStudio 1.0.143. HPLC system control, data acquisition, and 

processing (integration of HPLC signals) were carried out with Chromeleon®. 
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3 Results 

3.1 Bioanalytical methods for quantification of anidulafungin 

and voriconazole in microdialysate 

3.1.1 Method development 

After successful preliminary method development, the experimental settings were determined. The 

HPLC settings of experimental parameters of AFG and VOR were listed in Tab. 3.1-1.  

Tab. 3.1-1: Experimental parameters of anidulafungin and voriconazole bioanalytical HPLC assays. 

Experimental parameters Anidulafungin Voriconazole 

Column 
XBridge® BEH C18 

(3.0 x 50 mm; 2.5 µm) 

Symmetry® C18 

(4.6 x 75 mm; 3.5 μm) 

Pre-column 
Accucore® C18 

(10x2.1 mm; 2.6 µm) 

Accucore® C18 

(10x4.6 mm; 2.6 µm) 

Mobile phase 
Methanol/ NH4H2PO4 (pH 4.6) 

(80:20, v:v) 

Methanol/ NH4H2PO4 (pH 4.6) 

(55:45, v:v) 

Flow rate [mL/min] 0.40 1.00 

Run time [min] 6.00 8.00 

Injection volume [µL] 20.0 

Pressure (upper limit) [bar] 400 

Temperature sampler [°C] 10.0 

Temperature column oven 

[°C] 
40.0 

Wavelength UV lamp [nm] 310 254 

 

Sample (Cal samples, QC samples and in vitro µDialysate samples) preparation for AFG in RS/HSA 

(0.5%) included a precipitation step for protein separation. Precipitation was realised by adding 70 µL 

methanol to 20 µL of AFG containing samples. Afterwards the methanol containing sample was 

vortex mixed for 30 s and centrifuged at 5000 g for 10 min at 22°C. Finally, the clear supernatant was 

transferred into a cavity of a 96-well-plate.  

For preparation of VOR samples, 16 µL of VOR containing samples in RS (Cal samples, QC samples 

and in vitro µDialysate samples) were diluted with 24 µL water in the respective well of the 96-well-

plate before analysis. 
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3.1.2 Method validation 

The two developed bioanalytical assays for AFG and VOR, described in chapter 3.1.1, were validated 

according to EMA Guideline on bioanalytical method validation [3]. 

Selectivity of the analytical method 

Chromatograms resulting from injections of blank matrix (RS+HSA (0.5%) or dextran 40 

(5 mg/mL)/HSA (0.5%) in water) showed no interferences with the AFG peak (Cnom=0.10-20 µg/mL). 

The same was true for chromatograms of blank RS and the peak of VOR (Cnom=0.15-10 µg/mL), also 

there no interferences were recorded. 

After injecting the CFG containing solution (Cnom=10 µg/mL), no peak was visible in the 

chromatogram. Using only AFG (Cnom=0.10-20 µg/mL) or the combination with CFG (Cnom=10 µg/mL) 

containing samples resulted in one peak for AFG and no visible peak for CFG (Fig. 3.1-1). 

 

Fig. 3.1-1: (A) Chromatogram of anidulafungin (AFG) (nominal concentration (Cnom)= 20 µg/mL) in Ringer’s solution and 
human serum albumin (RS/HSA) (0.5%); (B) chromatogram of caspofungin (CFG) (Cnom= 10 µg/mL) in RS/HSA (0.5%); (C) 
chromatogram of AFG (Cnom= 20 µg/mL) and CFG (Cnom= 10 µg/mL) in RS/HSA (0.5%). 

Carry-over 

After subsequent injection of samples concentrated at the ULOQ of AFG or VOR and blank matrix, no 

analyte was detected in the blank matrix following the respective ULOQ injection (nAFG=6; nVOR=5). 

Accuracy and precision 

Within- and between-day accuracy and precision were within the limits of RE ≤±20% for samples with 

concentrations below the LLOQ and RE ≤±15% for QC samples concentrated higher than LLOQ. 

Precision and accuracy of AFG samples ranged between 4.10% to 6.07% for within-day and from 

4.40% to 8.00% for between-day precision as well as from -9.38% to +1.41% for within-day and from 

-6.69% to +0.519% for between-day accuracy (Tab. 3.1-2). Samples of VOR ranged from 1.63% to 
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6.51% for within-day and from 5.00% to 9.32% for between-day precision and from -4.01% to +2.15% 

for within-day and from +2.58% to +14.2% for between-day accuarcy (Tab. 3.1-3). 

Tab. 3.1-2: Within-day and between-day accuracy (as mean percentage deviation, RE, %) and precision (as coefficient of 
variation, CV, %) of determined anidulafungin concentrations [µg/mL] in Ringer’s solution and human serum albumin (0.5%) 
quality control samples. 

Cnom [µg/mL] xmean ± SD [µg/mL] CV, % RE, % 

Within-day variability (n=6), day 1 
   

0.10 0.101 ± 4.15 10-3 4.10 +1.41 

0.30 0.272 ± 1.64 10-2 6.02 -9.38 

10.0 9.69 ± 0.589 6.07 -3.10 

15.0 13.9 ± 0.806 5.81 -7.55 
    

Between-day variability (n=24) 
   

0.10 9.8 10-2 ± 7.33 10-3 7.50 -1.60 

0.30 0.280 ± 1.48 10-2 5.28 -6.69 

10.0 10.1 ± 0.439 4.40 +0.519 

15.0 14.8 ± 1.19 8.00 -1.28 

 

Tab. 3.1-3: Within-day and between-day accuracy (as mean percentage deviation, RE, %) and precision (as coefficient of 
variation, CV, %) of determined voriconazole concentrations [µg/mL] in Ringer’s solution quality control samples. 

Cnom [µg/mL] xmean ± SD [µg/mL] CV, % RE, % 

Within-day variability (n=6), day 2 
   

0.15 0.153 ± 9.98 10-3 6.51 +2.15 

0.45 0.432 ± 1.64 10-2 3.79 -4.01 

5.00 4.93 ± 8.05 10-2 1.63 -1.31 

7.50 7.54 ± 0.242 3.21 +0.559 
    

Between-day variability (n=24) 
   

0.15 0.171 ± 1.60 10-2 9.32 +14.2 

0.45 0.462 ± 3.17 10-2 6.87 +2.58 

5.00 5.39 ± 0.297 5.51 +7.80 

7.50 8.06 ± 0.404 5.00 +7.50 

 

Lower limit of quantification and assay linearity 

The LLOQ was determined as 0.1 µg/mL for AFG in in vitro µDialysate sample matrix of RS/HSA (0.5%) 

and as 0.15 µg/mL VOR in RS, respectively. Concentrations (0.05 µg/mL to 0.30 µg/mL were 
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investigated for both analytes) lower than 0.1 µg/mL or 0.15 µg/mL were outside the acceptable 

limits for accuracy and precision (CV ≤20% and RE ≤±20%,). The observed concentrations (n=5) for 

LLOQ of AFG or VOR were determined with a precision of 6.48% and 9.94% and an accuracy 

(calculated as mean percentage deviation) of +2.20% and +0.815%, respectively. Assay linearity was 

demonstrated by using weighted linear regression analysis (weighting factor: 1/concentration2) of 

the peak areas against the nominal AFG or VOR concentrations in the respective matrix. Calibration 

functions showed linearity over the calibration range of 0.10-20.0 µg/mL for AFG and 0.15-

10.0 µg/mL for VOR. Linearity was indicated by the coefficient of determination R2≥0.996 for all 

functions of AFG (n=4) and R2≥0.997 for all functions of VOR (n=4). Mean calibration functions were 

determined on four validation days in two weeks (Tab. 3.1-4 and Tab. 3.1-5).  

Tab. 3.1-4: Regression parameters for anidulafungin in Ringer’s solution and human serum albumin (0.5%). AU: arbitrary 
unit. 

 

Tab. 3.1-5: Regression parameters for voriconazole in Ringer’s solution. AU: arbitrary unit. 

 

Dilution integrity 

The determined diluted concentrations fulfilled the requirements of the Guideline on bioanalytical 

method validation [3] concerning accuracy and precision (RE≤± 15%, CV≤15%). Accuracy and 

precision for serial and non-serial dilution of the respective concentrations are presented in Tab. 

Day n Slope [AU·mL/µg] Intercept [AU] Coefficient of determination 

1 1 0.446 -5.55 10-3 0.996 

2 1 0.407 1.92 10-4 0.998 

4 1 0.360 7.57 10-4 0.997 

5 1 0.373 1.47 10-3 0.999 

     

𝑥 ± SD 

(CV, %) 

4 0.397 ± 3.85 10-2 

(9.70) 

-7.82 10-4 ± 3.22 10-3 

(411) 

0.998 ± 1.60 10-3 

(0.161) 

Day n Slope [AU·mL/µg] Intercept [AU] Coefficient of determination 

2 1 0.159 8.65 10-4 0.998 

3 1 0.160 -3.59 10-3 0.997 

4 1 0.146 -3.71 10-3 0.997 

5 1 0.147 -2.32 10-3 0.997 

     

𝑥 ± SD 

(CV, %) 

4 0.153 ± 7.51 10-3 

(4.90) 

-2.19 10-3 ± 2.13 10-3 

(97.4) 

0.997 ± 5.69 10-4 

(5.70 10-2) 
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3.1-6 for AFG and in Tab. 3.1-7 for VOR. Accuracy of the serial dilution of AFG ranged from -11.9 to -

10.5% and of VOR from -7.10% to -1.03%. Precision of serial dilution was given with a CV up to 5.58% 

for AFG and 6.75% for VOR. The non-serial dilution of AFG samples had an accuracy from -8.43% to  

-0.053% and of VOR from +6.88% to 10.6%. Precision of non-serial dilution was up to 4.68% for AFG 

and 3.86% for VOR. 

Tab. 3.1-6: Accuracy (as mean percentage deviation, RE, %) and precision (as coefficient of variation, CV, %) of serial and 
non-serial dilution of anidulafungin with Ringer’s solution and human serum albumin (0.5%). 

Dilution design Cnom [µg/mL] xmean ± SD [µg/mL] RE, % CV, % 

Serial 20 (n=5) 17.9 ± 0.998 -10.5 5.58 

 10 (n=5) 8.81 ± 0.355 -11.9 4.03 

 4.0 (n=5) 3.54 ± 0.118 -11.5 3.33 

Non-serial 20 (n=5) 18.4 ± 0.860 -8.19 4.68 

 10 (n=5) 9.16 ± 0.232 -8.43 2.54 

 4.0 (n=7) 3.99 ± 0.153 -0.053 3.83 

 

Tab. 3.1-7: Accuracy (as mean percentage deviation, RE, %) and precision (as coefficient of variation, CV, %) of serial and 
non-serial dilution of voriconazole with Ringer’s solution. 

Dilution design Cnom [µg/mL] xmean ± SD [µg/mL] RE, % CV, % 

Serial 10 (n=3) 9.90 ± 0.140 -1.03 1.41 

 5.0 (n=3) 4.87 ± 0.256 -2.55 5.25 

 0.50 (n=3) 0.464 ± 0.031 -7.10 6.75 

Non-serial 10 (n=3) 11.1 ± 0.041 +10.6 0.371 

 5.0 (n=3) 5.34 ± 0.206 +6.88 3.86 

 

Drug stability in microdialysate 

For low and high QC samples of AFG in RS/HSA (0.5%), the freeze and thaw, short-term at room 

temperature, autosampler and long-term stability of stock solution were analysed and showed no 

degradation or enrichment tendencies. Results for recovery were in agreement with the limits of the 

Guideline on bioanalytical method validation [3]. 

Recovery of AFG in in vitro µDialysate matrix after 1 - 3 freeze-thaw cycles ranged from 90.2% (CV: 

3.88%) to 93.8% (CV: 3.35%) for low QC sample (n=6 per cycle) compared to freshly prepared 

samples. For high QC samples, recovery of freeze-thaw-samples ranged from 91.1% (CV: 2.31%) to 

97.1% (CV: 2.56%) after 1 - 3-cycles, compared to peak areas before freezing (n=6 per cycle). For the 

stock solution (n=5; analysed as high QC concentration) 105% (CV: 2.69%) of AFG was recovered after 
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the first freeze-thaw cycle, 99.7% (CV: 2.04%) after the second freeze-thaw cycle and 111% (CV: 

3.81%) after the third freeze-thaw cycle. 

For stock solution of AFG (n=3; analysed as high QC concentration) 93.4% (CV: 5.67%) was recovered 

after 6 h at ambient temperature compared to freshly prepared samples. 

Under storage conditions at room temperature after 4 and 24 h, recovery of AFG ranged from 99.5% 

(CV: 2.03%) after 4 h to 102% (CV: 1.85%) after 24 h for low QC sample concentrations (n=6 per cycle) 

compared to freshly prepared samples. For high QC samples, recovery (n=6 per cycle) ranged from 

95.3% (CV: 4.63%) after 4 h to 102% (CV: 4.40%) after 24 h. 

Autosampler stability of AFG was investigated by storing QC samples of low and high concentration 

in the 96-well-plate in the tempered (10°C) autosampler up to 24 h. The mean recovery of low 

concentrations (n=3 per cycle) resulted in 101.2% (CV: 1.99%) after 6 h, and 101.4% (CV: 2.65%) after 

24 h. For QC samples of high concentration (n=3 per cycle) the mean recovery was 98.4% (CV: 1.22%) 

after 6 h, and 97.8% (CV: 1.68%) after 24 h. 

Long-term stability of QC samples with AFG of low and high concentration stored in the ultrafreezer 

(-80°C) was investigated. The mean recovery of QC samples of low concentrations (n=5) was 89.8% 

(CV: 2.21%), and 94.8% (CV: 3.34%) for QC samples of high concentration (n=5). 

The autosampler stability of low and high QC samples of VOR in RS showed no degradation or 

enrichment tendencies. Results for recovery were also in agreement with the limits of the Guideline 

on bioanalytical method validation [3]. 

Autosampler stability of VOR was investigated by storing QC samples of low and high concentration 

in the 96-well-plate in the tempered (10°C) autosampler up to 48 h. The mean recovery of QC 

samples of low concentrations (n=3 per cycle) was 96.9% (CV: 2.60%) after 6 h, and 96.8% (CV: 

2.67%) after 48 h. For QC samples of high concentration (n=3 per cycle) the mean recovery was 

95.6% (CV: 0.84%) after 6 h, and 96.0% (CV: 1.87%) after 48 h. 
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3.2 Anidulafungin investigations in the static in vitro 

microdialysis system 

3.2.1 Feasibility of microdialysis for anidulafungin: Behaviour of 

anidulafungin in microsyringes 

During investigation (i) CAFG in microsyringes (n=9 per microsyringe) and production vial (n=8) were 

constant over time and ranged from 0.145 to 0.184 µg/mL and from 0.132 to 0.188 µg/mL, 

respectively, for 320 min (Fig. 3.2-1). Mean, accuracy of single concentrations against the 

concentration at t=0 min per sample and precision of CAFG for microsyringes and the production vial 

are shown in Tab. 3.2-1. CV and RE range of all microsyringes were smaller than the CV of 11.6% and 

the RE range of -30.0% to -11.7% of the production vial. The profile displayed no increase or decrease 

of CAFG during the investigated time. 

CAFG in the production vial (n=9) of investigation (ii) was constant (CV, %: 2.69). In microsyringes of 

investigation (ii), CAFG (n=9 per microsyringe) increased from 0.196 to 0.432 µg/mL (Fig. 3.2-1). Mean, 

accuracy of single concentrations against the concentration at t=0 min per sample and precision was 

calculated per microsyringe as shown in Tab. 3.2-1. The mean CAFG of the three microsyringes per 

time point increased from 0.202 µg/mL (CV, %: 2.58) at time point 0, to 0.270 µg/mL (CV, %: 0.996) 

after 40 min and 0.370 µg/mL (CV, %: 14.6) after 320 min. The overall accuracy of concentrations 

over time in microsyringes of investigation (i) ranged from RE -9.89% to +14.6% and of investigation 

(ii) from RE +31.6% to +110%. 

 

Fig. 3.2-1: Anidulafungin concentration in investigation (i) new microsyringes (left) and in investigation (ii) previously used 
microsyringes (right). Microsyringes (n=9 per microsyringe) are presented as circles and production vials (n=8/9 per 
production vial) as triangles over 320 min. 
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Tab. 3.2-1: Means of anidulafungin concentrations, coefficient of variation (CV) and range of relative error (RE) from 
investigation (i) new or investigation (ii) previously used microsyringes. n=9 samples per microsyringe; n=8/9 for production 
vial (i)/(ii). 

Microsyringe/ Production vial 

Mean CAFG [µg/mL]  

CV, % 

RE range, % 

(i) 

Mean CAFG [µg/mL]  

CV, % 

RE range, % 

(ii) 

1 0.160  

4.84 

(-7.68) – +8.72 

0.330  

20.3 

+31.6 - +110 

2 0.164  

6.80 

(-4.25) – +6.68 

0.306  

14.9 

+36.9 – +71.0 

3 0.167  

3.20 

(-9.98) – +14.6 

0.288  

14.2 

+34.2 – +71.1 

Production vial 0.156  

11.6 

(-30.0) – (-11.7) 

0.194  

2.69 

(-7.33) – +1.11 

 

3.2.2 Feasibility of microdialysis for anidulafungin: Comparison of 

microdialysis catheters 

CAFG in medium was constant over time in all medium containers with a mean of 8.65 µg/mL (n=15; 

CV: 5.57%). Data is presented in Fig 8-1. Catheters (CMA63® and CMA71®) were compared regarding 

the respective RR (n=1 sample per time point and catheter). RR was presented as midtime (the time 

point in the middle of the sampling interval). CAFG was below LLOQ (0.1 µg/mL, see chapter 2.2.3) in 

all µDialysate samples collected from CMA63® catheters (Fig. 3.2-2). CAFG in µDialysate of CMA71® 

catheters was increasing for 90 min, apart from 1 µDialysate sample taken after 45 min, which had a 

considerable low concentration. Over 90 min the RR increased for catheters of CMA71® from 11.7% 

to 18.4% and from 8.62% to 18.4%, respectively (Fig. 3.2-2). Due to these results, CMA71® catheters 

were used throughout the following investigations.  
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Fig. 3.2-2: Relative recovery (RR) over time (time shown as midtime) for CMA63® (n=2 catheters, purple and black circles) 
and CMA71® (n=2 catheters, green and orange triangles) from a medium of 10 µg/mL anidulafungin (AFG). The AFG 
concentration is below the lower limit of quantification in all µDialysate samples collected from CMA63® catheters. All RR 
values of CMA63® are overlapping at each time point. RR values of both CMA71® catheters are overlapping at 75 min. 

3.2.3 Feasibility of microdialysis for anidulafungin: Recovery 

investigation of anidulafungin with microdialysis catheters 

The percentage deviation (RE, %) of observed compared to nominal µDialysate volume was 

calculated. The range of RE is shown in Tab. 3.2-2. RE per catheter is shown in Fig. 3.2-3 and RE over 

time in Fig. 3.2-4. The RE of µdialysate volume ranged from -24.6% to -17.3% for all catheters. A 

mean volume (n=12 per catheter) of 31.2 µL (CV: 1.81%) was calculated for catheter 1, 31.9 µL (CV: 

1.81%) for catheter 2 and 32.0 µL (CV: 1.50%) for catheter 3.  

Tab. 3.2-2: Minimum and maximum relative errors (RE) of recovered compared to nominal microdialysate volume for the 
three catheters (n=12 samples per catheter) during the recovery investigation in medium containing anidulafungin 
(1 µg/mL). 

Catheter REmin, % REmax, % 

1 -18.8 -24.6 

2 -17.8 -22.3 

3 -17.3 -21.5 
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Fig. 3.2-3: Relative error (RE) and mean RE (n=12 per catheter) of recovered volume in microdialysate for three CMA71® 
catheters perfused with Ringer’s solution and human serum albumin in perfusate and a medium containing 1 µg/mL 
anidulafungin, presented per catheter. Individual RE presented as symbols and means as bars. 

 

 

Fig. 3.2-4: Relative error (RE) of recovered volume in microdialysate for three CMA71® catheters during 480 min of the 
investigation with Ringer’s solution and human serum albumin in perfusate and a medium containing 1 µg/mL 
anidulafungin. Catheter 1 presented as violet squares, catheter 2 as green circles and catheter 3 as orange triangles. 

 

Results for RR and RRVolume-corrected are shown in Tab. 3.2-3. The range of RR was from < LLOQ/ 7.47% 

to 34.2% and of RRVolume-corrected from < LLOQ/ 6.07% to 26.9%. The profile of RR and RRVolume-corrected 

over time is presented in Fig. 3.2-5. 
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Tab. 3.2-3: Minimum and maximum relative recovery (RRmin, RRmax) for recovery of 1 µg/mL anidulafungin in medium from 
observed anidulafungin concentrations in microdialysate and RRmin, RRmax with volume correction (n=12 per catheter). 
< LLOQ: concentration in microdialysate below the lower limit of quantification (LLOQ). 

Catheter  RRmin, % RRmax, % 

No volume correction   

1 7.47 31.8 

2 8.41 34.2 

3 < LLOQ 29.1 

   

Volume correction   

1 6.07 24.0 

2 6.81 26.9 

3 < LLOQ 23.2 

 

 

Fig. 3.2-5: Relative recovery (RR) without volume correction (open symbols) and RR with volume correction (filled symbols) 
during 480 min (time shown as midtime) of recovery investigation for catheter 1 (squares), catheter 2 (circles) and catheter 
3 (triangles) in 1 µg/mL AFG containing medium. 

Based on the results of RR during the recovery investigation, RRmax and the confidence intervals as 

well as the time until 50% (tRR,50) and 90% (tRR,90) of RRmax was reached were determined. Model-

based results of RRmax from values for RR and RRVolume-corrected are compared in Tab. 3.2-4. RRmax was 

35.6% without volume correction and 27.9% with volume correction. Confidence intervals of RRmax 

without volume correction were from 32.8% to 38.4% and from 25.9% to 30.0% for RRmax with 

volume correction. The confidence intervals were not overlapping and therefore indicated a 

significant difference between investigations. tRR,50 and tRR,90 were similar for both investigations with 

and without volume correction. tRR,50 and tRR,90 were 81.7 min and 735 min for RR values without 
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volume correction, respectively. For volume corrected RR tRR,50 and tRR,90 were 79.5 min and 716 min, 

respectively. 

The time-course of RR and RRVolume-corrected is shown in Fig. 3.2-6, including RRmax and tRR,50. 

Tab. 3.2-4: The estimated parameters and confidence intervals (CI, upper limit 97.5% and lower limit 2.5% percentile) of the 
maximum relative recovery (RRmax) from RR and RRVolume-corrected for the investigation with 1 µg/mL AFG in medium; obtained 
from the adsorption model based on nonlinear regression. 

Parameter Estimated results [95% CI] 

No volume correction  

RRmax, % 35.6 [32.8-38.4] 

tRR,50 [min]  81.7 

tRR,90 [min] 735 

  

Volume correction  

RRmax, % 27.9 [25.9-30.0] 

tRR,50 [min] 79.5 

tRR,90 [min] 716 

 

 

Fig. 3.2-6: Time-course (time shown as midtime) of relative recovery (RR) during the investigated time interval from RR 
(blue squares) and RRVolume-corrected (red circles) in a medium containing 1 µg/mL anidulafungin (AFG) in Ringer’s solution (RS) 
and human serum albumin (HSA, 0.5%) with a perfusate of RS+HSA (0.5%); individual RR values (symbols) from AFG 
concentrations in microdialysate of three catheters; maximum RR (RRmax) as blue and red dashed line, respectively. The 
time of 50% of RRmax (tRR,50) is presented as vertical red and blue dashed line, respectively.  
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3.2.4 Feasibility of microdialysis for anidulafungin: Influence of dextran 

on ultrafiltration 

The accuracy (RE, %) of the recovered volume in µDialysate was calculated and results are shown in 

Tab. 3.2-5 and Fig. 3.2-7. Accuracy of catheter 1 ranged from RE -23.8% to +0.68% and of catheter 2 

from RE -9.51% to -4.54%. RE of recovered µDialysate volume over time was constant (Fig. 3.2-8) for 

the two catheters with a CV of 11.5% for catheter 1 (n=12) and 9.08% for catheter 2 (n=12).  

Tab. 3.2-5: Minimum and maximum relative error (REmin, REmax) of the recovered to the nominal µDialysate volume for the 
two catheters during recovery investigation with dextran and human serum albumin in perfusate (n=12 per catheter). 

Catheter REmin, % REmax, % 

1 +0.68 -23.8 

2 -4.54 -9.51 

 

 

Fig. 3.2-7: Relative error (RE) and mean RE (n=12 per catheter) of recovered volume in microdialysate (µDialysate) for two 
CMA71® catheters perfused with dextran containing perfusate in a medium containg 1 µg/mL anidulafungin, presented per 
catheter. Individual RE presented as symbols and means as bars. 

 

 



Results 

63 
 

 

Fig. 3.2-8: Relative error (RE) of recovered volume in microdialysate (µDialysate) for two CMA71® catheters during 480 min 
of the investigation with dextran in perfusate in a medium containg 1 µg/mL anidulafungin. Catheter 1 presented as violet 
squares and catheter 2 as orange triangles. 

 

CAFG in medium of the respective catheters was constant for the investigated 480 min. The mean CAFG 

(n=7 samples per medium) was 0.983 µg/mL (CV: 4.50%) for catheter 1 and 1.50 µg/mL (CV: 4.83%) 

for catheter 2. 

In the following, RR was calculated without volume correction, with the observed CAFG (Eq. 1-1), and 

with volume correction (Eq. 2-5). RR was increasing over time from 1.58% to 35.9% of catheter 1 and 

from 5.49% to 26.7% of catheter 2 (Tab. 3.2-6). In Fig. 3.2-9 data on RR and RRVolume-corrected over time 

(shown as midtime) is shown. 

 

Tab. 3.2-6: Minimum and maximum relative recovery (RRmin, RRmax) for recovery of 1 µg/mL AFG in medium with perfusate 
containing dextran and human serum albumin from CAFG in microdialysate (n=11-12 per catheter).  

Catheter RRmin, % RRmax, % 

1 1.58 35.9 

2 5.49 26.7 
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Fig. 3.2-9: Relative recovery (RR) without volume correction (open symbols) and RRVolume-corrected (filled symbols) during 
480 min (time shown as midtime) of recovery investigation for catheter 1 (circles) and 2 (triangles) with a perfusate 
containing dextran in 1 µg/mL AFG containing medium. 

RR values were calculated (Eq. 2-6) from observed CAFG in µDialysate and based on these results, 

RRmax and the respective confidence interval and tRR,50 and tRR,90 were determined. Model-based 

results of RRmax of the investigation with dextran and HSA in perfusate were compared to the 

previous investigation with HSA containing perfusate (see chapter 3.2.3) in Tab. 3.2-7. RRmax based on 

volume corrected RR values was 44.5% for the investigation with the dextran containing perfusate 

and 35.6% for the investigation with HSA containing perfusate. Since confidence intervals of RRmax 

were overlapping, differences between the investigations were not significant. tRR,50 was 183 min for 

the investigation with the dextran containing perfusate but only 81.7 min with the RS/HSA (0.5%) 

perfusate. It was the same for tRR,90 with 1647 min and only 735 min, respectively. 

RRmax based on volume corrected RR values was 42.0% for the investigation with the dextran 

containing perfusate and 27.9% for the investigation with HSA containing perfusate. The confidence 

intervals of RRmax were not overlapping and therefore, there was a significant difference between the 

volume corrected RR values of the two investigations. tRR,50 and tRR,90 were 185 min and 1663 min for 

the investigation with the dextran containing perfusate and 79.5 min and 716 min for the 

investigation with HSA containing perfusate. The RRmax, tRR,50 and tRR,90 of volume corrected RR values 

were similar to the RR values without volume correction. 

Fig. 3.2-10 presents the time-course of RR for the two investigations with perfusate containing 

dextran and HSA (0.5%) or RS and HSA (0.5%) and the (estimated) RRmax and tRR,50 for two 

investigated perfusion media and in Fig. 3.2-11 the time-course of volume corrected RR, RRmax and 

tRR,50 of the two investigations. 
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Tab. 3.2-7: The estimated parameters and confidence intervals (CI, upper limit 97.5% and lower limit 2.5% percentile) of 
RRmax anidulafungin (AFG) concentrations in microdialysate for the investigation with a perfusate containing dextran and 
human serum albumin (HSA) or Ringer’s solution (RS) and HSA in 1 µg/mL AFG in medium; from the adsorption model 
based on nonlinear regression. 

Parameter 

Estimated results [95% CI] 

Dextran and HSA 

(n=2 catheters) 

Estimated results [95% CI] 

RS and HSA (n=3 catheters) 

No volume correction   

RRmax, % 44.5 [33.9-55.2] 35.6 [32.8-38.4] 

tRR,50 [min]  183 81.7 

tRR,90 [min] 1647 735 

   

Volume correction   

RRmax, % 42.0 [31.9-52.0] 27.9 [25.9-30.0] 

tRR,50 [min]  185 79.5 

tRR,90 [min] 1663 716 

 

 

Fig. 3.2-10: Time-course (time shown as midtime) of relative recovery (RR) during the investigated time interval; individual 
RR values from anidulafungin (AFG) concentrations of two catheters from dextran and human serum albumin (0.5%, HSA) 
containing perfusate (blue squares) and from Ringer’s solution and HSA (0.5%) containing perfusate (red circles) each in a 
medium containing 1 µg/mL AFG; maximum RR (RRmax) is presented as blue and red dashed lines, respectively. The time of 
50% of RRmax (tRR,50) is presented as vertical red and blue dashed line, respectively. 
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Fig. 3.2-11: Time-course (time shown as midtime) of volume corrected relative recovery (RR) during the investigated time 
interval; individual volume corrected RR values from anidulafungin (AFG) concentrations of two catheters from dextran and 
human serum albumin (0.5%, HSA) containing perfusate (blue squares) and from Ringer’s solution and HSA (0.5%) 
containing perfusate (red circles) each in a medium containing 1 µg/mL AFG; maximum RR (RRmax) is presented as blue and 
red dashed lines, respectively. The time of 50% of RRmax (tRR,50) is presented as vertical red and blue dashed line, 
respectively. 

3.2.5 Feasibility of microdialysis for anidulafungin: Influence of catheter 

pre-coating on adsorption 

3.2.5.1 Catheter pre-coating with caspofungin 

Anidulafungin concentration in medium 

Medium samples (n=6-7 per medium) were analysed and the mean and CV of all media over the 

whole investigation period (400 min and 480 min, respectively) in the respective investigation was 

calculated. The mean CAFG in medium was 1.14 µg/mL for investigation (i), 0.961 µg/mL for 

investigation (ii) and 0.927 µg/mL for investigation (iii) as shown in Tab. 3.2-8. 

Tab. 3.2-8: Summary of mean and coefficient of variation (CV, %) from anidulafungin concentrations in medium (nominal 
concentration of 1 µg/mL) during the respective investigations (i), (ii) and (iii). 

Pre-coating investigation with CFG 
Mean CAFG in medium 

[µg/mL] 
CV, % 

(i) 1.14 (n=18) 8.42 

(ii) 0.961 (n=21) 3.63 

(iii) 0.927 (n=21) 5.28 
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Relative recovery 

RR is summarised in Tab. 3.2-9 by presenting the minimum and maximum RR (RRmin, RRmax). The RR 

range of investigation (i) ranged from 2.93% to 43.1%, of investigation (ii) from < LLOQ /6.74% to 

36.5% and of investigation (iii) from < LLOQ /6.56% to 56.4%. Overall, RR from µDialysate samples of 

AFG in all catheters of (i), (ii) and (iii) were increasing over time (Fig. 3.2-12, Fig. 3.2-13 and Fig. 

3.2-14). 

Tab. 3.2-9: Minimum and maximum relative recovery (RRmin, RRmax) for (i), (ii) and (iii) of pre-coating investigations with 
CFG. < LLOQ: concentration in microdialysate below the lower limit of quantification (LLOQ). 

Catheter RRmin, % RRmax, % 

(i) n=5 per catheter   

1 2.93 25.1 

2 7.04 43.1 

3 7.70 28.8 

   

(ii) n=12 per catheter   

1 8.27 36.5 

2 < LLOQ /18.1 34.0 

3 6.74 34.3 

   

(iii) n=12 per catheter   

1 6.56 24.1 

2 < LLOQ /6.87 18.2 

3 6.62 56.4 
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Fig. 3.2-12: Relative recovery (RR) from 1 µg/mL anidulafungin in medium during 360 min in setting (i) with pre-coating of 
50 µg/mL caspofungin in perfusate starting 2 h prior to investigation (time shown as midtime). Catheter 1 presented as 
squares, catheter 2 as circles and catheter 3 as triangles. 

 

 

 

Fig. 3.2-13: Relative recovery (RR) from 1 µg/mL anidulafungin (AFG) in medium during 480 min in setting (ii) with pre-
coating of 50 µg/mL caspofungin in perfusate overnight (time shown as midtime). Catheter 1 presented as squares, 
catheter 2 as circles and catheter 3 as triangles. The AFG concentration in the first sample of catheter 2 was lower then the 
lower limit of quantification. 
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Fig. 3.2-14: Relative recovery (RR) from 1 µg/mL anidulafungin (AFG) in medium during 480 min in setting (iii) with pre-
coating of 200 µg/mL caspofungin in perfusate overnight (time shown as midtime). Catheter 1 presented as squares, 
catheter 2 as circles and catheter 3 as triangles. The AFG concentration in the first sample of catheter 2 was lower then the 
lower limit of quantification. 

RRmax, tRR,50 and tRR,90 were estimated from RR values of CAFG in µDialysate, and the confidence 

intervals of RRmax of (i), (ii) and (iii) were determined. Model-based results of RRmax from three 

individual investigations with CFG pre-coated catheters were compared to each other and the 

standard investigation with RS/HSA (0.5%) in perfusate (see chapter 3.2.3) in Tab. 3.2-10. RRmax of 

investigation (i) was 53.5%, (ii) was 41.2%, (iii) was 41.4% and for the investigation with RS/HSA 

(0.5%) in perfusate RRmax was 35.6%. Confidence intervals of RRmax for the four investigated 

experimental designs with pre-coating with CFG and without pre-coating (RS/HSA (0.5%) in 

perfusate) were overlapping (no significant differences between investigations). Confidence intervals 

of RRmax of (i) and (iii) were with 23.2%-83.7% and 16.7%-66.0%, respectively, much larger compared 

to (ii) and the investigation with RS/HSA (0.5%) containing perfusate (39.0%-43.3% and 32.8%-38.4%, 

respectively).  

tRR,50 was 238 min for (i), 94.2 min for (ii), 140 min for (iii) and 81.7 min for RS/HSA (0.5%) containing 

perfusate. tRR,90 was 2142 min for (i), 848 min for (ii), 1264 min for (iii) and 735 min for RS/HSA (0.5%) 

containing perfusate. tRR,50 and tRR,90 values of investigation (ii) and of the investigation with RS/HSA 

(0.5%) in perfusate had the shortest times and had similar values. 

The RR-time profile of CFG-pre-coated catheters and of recovery investigation with RS/HSA (0.5%) in 

perfusate are presented in Fig. 3.2-15. RRmax and tRR,50 are presented as dashed lines for the 

respective investigations. 
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Tab. 3.2-10: The estimated parameters and confidence intervals (CI, upper limit 97.5% and lower limit 2.5% percentile) of 
RRmax from anidulafungin concentrations in microdialysate during investigations (i), (ii) and (iii) of 1 µg/mL AFG in medium 
and for the investigation with 1 µg/mL AFG in medium (see Tab. 3.2-4); from the adsorption model based on nonlinear 
regression. 

Parameter 

 

 

(i) 

(n=3 catheter) 

Estimated results 

[95% CI] 

(ii) 

(n=3 catheter) 

 

 

(iii) 

(n=3 catheter) 

Estimated results  

[95% CI] 

RS and HSA  

(n=3 catheter)  

RRmax, % 53.5 [23.2-83.7] 41.2 [39.0-43.3] 41.4 [16.7-66.0] 35.6 [32.8-38.4] 

tRR,50 [min]  238 94.2 140 81.7 

tRR,90 [min] 2142 848 1264 735 

 

 

Fig. 3.2-15: Time-course (time shown as midtime) of relative recovery (RR) during the investigated time interval from 
anidulafungin (AFG) concentrations in microdialysate of caspofungin pre-coated catheters: (i) blue squares, (ii) red circles 
and (iii) green triangles; RR for recovery investigation with Ringer’s solution and human serum albumin in perfusate and a 
1 µg/mL AFG containing medium presented as black diamonds. Estimated RRmax presented as blue (i), red (ii), green (iii) and 
black dashed lines. The time of 50% of RRmax (tRR,50) is presented as vertical blue (i), red (ii), green (iii) and black dashed line, 
respectively. 
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3.2.5.2 Catheter pre-coating with anidulafungin 

Anidulafungin concentration in medium 

CAFG in medium, over the whole investigated period (480 min per investigation), was constant during 

the investigation in 1 and 8 µg/mL AFG containing medium (Tab. 3.2-11) with CAFG of 1.01 µg/mL and 

8.04 µg/mL, respectively. 

Tab. 3.2-11: Mean and coefficient of variation (CV) of anidulafungin concentrations (CAFG) in medium (n=21 per 
investigation). 

CAFG in medium 
Mean CAFG 

[µg/mL] 
CV, % 

1 µg/mL  1.01 4.17 

8 µg/mL 8.04 7.87 

 

Anidulafungin concentration in perfusate 

Data for mean and CV of CAFG in perfusate (n=7 per catheter and investigation) during the 

investigations is shown in Tab. 3.2-12. The mean CAFG was 0.393 µg/mL (CV: 4.15%) in the 

investigation with 1 µg/mL AFG in medium and 0.160 (CV: 7.35%) in the investigation with 8 µg/mL 

AFG in medium. Fig 8-2 and Fig 8-3 additionally present data at the end of pre-coating, respectively. 

CAFG in perfusate was constant at the end of pre-coating and during the investigated time. 

Anidulafungin concentration in microdialysate 

Mean CAFG in µDialysate samples (n=2 per catheter), taken during the process of pre-coating in 

1 µg/mL AFG investigation (medium of RS/HSA (0.5%) and perfusate 0.2 µg/mL AFG in RS/HSA 

(0.5%)), was 0.300 µg/mL (CV: 4.07%) for catheter 1, 0.352 µg/mL (CV: 4.74%) for catheter 2, and 

0.352 µg/mL (CV: 0.400%) for catheter 3. Delivery, rD, of CAFG in µDialysate was 23.1%, 12% and 

11.1% from CAFG in perfusate during pre-coating, respectively.  

Mean CAFG in µDialysate (n=2 per catheter) during the pre-coating of the 8 µg/mL AFG investigation 

(medium of RS/HSA (0.5%) and perfusate 0.2 µg/mL AFG in RS/HSA (0.5%)) was 0.0705 µg/mL (CV: 

10.9%) for catheter 1, 0.0831 µg/mL (CV: 8.08%) for catheter 2, and 0.0829 µg/mL (CV: 16.8%) for 

catheter 3. Here the percentage of delivered AFG, rD, from perfusate to medium during pre-coating 

was 55.0%, 47.1% and 48.7%, respectively. 

Results are shown in Tab. 3.2-13. 
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Tab. 3.2-12: Mean and coefficient of variation (CV) of anidulafungin concentrations (CAFG) in perfusate; overall (n=21 per 
investigation) and per catheter (n=7 per investigation) during recovery investigation. 

Perfusate 
Mean CAFG 

[µg/mL] 
CV, % 

1 µg/mL AFG in medium 

investigation 
  

1 0.387 2.57 

2 0.403 3.22 

3 0.388 5.33 

Overall 0.393 4.15 

   

8 µg/mL AFG in medium 

investigation 
  

1 0.158 6.73 

2 0.157 7.58 

3 0.165 7.63 

Overall 0.160 7.35 

 

Tab. 3.2-13: Mean, coefficient of variation (CV) and relative delivery (rD) of anidulafungin (AFG) concentrations (CAFG) in 
microdialysate during pre-coating (n=2 per catheter) in a medium of Ringer’s solution (RS) and human serum albumin (HSA, 
0.5%) with a perfusate of 0.2 µg/mL AFG in RS/HSA (0.5%). 

Catheter 
Mean CAFG 

[µg/mL] 
CV, % rD, % 

1 µg/mL AFG in medium 

investigation 
   

1 0.300 4.07 23.1 

2 0.352 4.74 12.0 

3 0.352 0.400 11.1 

    

8 µg/mL AFG in medium 

investigation 
   

1 0.0705 10.9 55.0 

2 0.0831 8.08 47.1 

3 0.0829 16.8 48.7 
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CAFG in µDialysate during pre-coating and the recovery investigation is presented in Fig 8-4 and Fig 

8-5. The figures show, that CAFG in µDialysate increased during both investigations. 

The course of CAFG in µDialysate, perfusate and medium is shown in Fig. 3.2-16 for both investigations 

during the recovery investigation. Here, CAFG in medium and perfusate was constant during the time 

investigated (480 min) while CAFG in µDialysate samples were increasing. CAFG in µDialysate increased 

partly up to the medium concentration during the investigation with 1 µg/mL AFG in medium (left 

plot in Fig. 3.2-16) but not for the 8 µg/mL AFG in medium investigation (right plot in Fig. 3.2-16).  

 

 

Fig. 3.2-16: Anidulafungin (AFG) concentration (CAFG) in microdialysate (triangles), time shown as midtime, CAFG in perfusate 
(circles) and CAFG in medium (squares). Recovery investigation from 1 µg/mL (left) and 8 µg/mL (right) containing medium 
with a perfusate of 0.2 µg/mL AFG in Ringer’s solution and human serum albumin (0.5%). 

Relative recovery of anidulafungin 

As described previously, RR was calculated from CAFG of µDialysate, perfusate and medium using Eq. 

2-7. RR values (n=12 per catheter and investigation) of both investigations were increasing over time 

(presented as midtime) and ranged from -3.94% to 113% (1 µg/mL AFG in medium investigation) and 

from 5.89% to 63.5% (8 µg/mL AFG in medium investigation). RR values of 5 catheters from both 

investigations were in a similar RR-range of -3.94% to 79.8%. Only catheter 3 of the investigation with 

1 µg/mL AFG in medium had RR values up to 113%. Results are presented in Fig. 3.2-17 and 

summarised in Tab. 3.2-14 for both investigations.  
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Fig. 3.2-17: Relative recovery (RR) from anidulafungin concentrations (CAFG) in microdialysate (symbols) over time (time 
shown as midtime). Pre-coating investigation with anidulafungin (AFG), 1 µg/mL (left) and 8 µg/mL (right) AFG in medium. 
Catheter 1 presented as squares, catheter 2 as circles and catheter 3 as triangles. Values for the first sampling interval 
(20 min) of catheter 1 and 2 are missing due to negative values for RR. 

 

Tab. 3.2-14: Minimum and maximum relative recovery (RRmin, RRmax) per catheter (n=12) and the overall range of RR per 
setting (n=36). RR for 1 and 8 µg/mL AFG in medium. 

Catheter RRmin, % RRmax, % 

1 µg/mL AFG in medium   

1 -3.94 67.8 

2 -2.59 79.8 

3 8.46 113 

   

8 µg/mL AFG in medium   

1 5.89 61.8 

2 6.81 59.8 

3 8.90 63.5 

 

Model-based estimations and confidence intervals of RRmax, tRR,50 and tRR,90 are presented in Tab. 

3.2-15 for the two AFG pre-coating recovery investigations. Confidence intervals of RRmax of the pre-

coating investigations with 1 and 8 µg/mL AFG in medium (85.8%-125% and 71.2%-97.2%, 

respectively) were overlapping with each other but not with the confidence intervals of the standard 

investigation without pre-coating (32.8%-38.4%) in 1 µg/mL AFG containing medium (see chapter 

3.2.3), which implied that there was a significant difference between the standard investigation 

without pre-coating and the two pre-coating investigations.  

tRR,50 was 116 min of the pre-coating investigation with 1 µg/mL AFG in medium and 1047 min for 

tRR,90. tRR,50 and tRR,90 of the pre-coating investigation with 8 µg/mL AFG in medium was 187 min and 
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1686 min, respectively. For the investigation without pre-coatung the tRR,50 and tRR,90 were 81.7 min 

and 735 min, respectively. 

The RR-time course is presented in Fig. 3.2-18 with RRmax and tRR,50 plotted as dashed lines for both 

investigations. Here, it is graphically displayed that the investigation with 1 µg/mL AFG in medium 

had the highest RRmax and the shortest tRR,50. 

Tab. 3.2-15: The estimated parameters and confidence intervals (CI, upper limit 97.5% and lower limit 2.5% percentile) of 
RRmax from anidulafungin (AFG) concentrations (CAFG) for the AFG pre-coating investigations with 1 or 8 µg/mL AFG in 
medium and with 1 µg/mL AFG in medium without pre-coating (perfusate containing RS/HSA); from the adsorption model 
based on nonlinear regression in ‘R’. 

Parameter 

Estimated results [95% CI] 

1 µg/mL AFG in medium          8 µg/mL AFG in medium 

(n=3 catheter)                            (n=3 catheter) 

Estimated results [95% CI] 

RS and HSA (n=3 catheter) 

RRmax 105 [85.8-125] 84.2 [71.2-97.2] 35.6 [32.8-38.4] 

tRR,50 [min]  116 187 81.7 

tRR,90 [min] 1047 1686 735 

 

 

Fig. 3.2-18: Time-course (time shown as midtime) of relative recovery (RR) during the investigated time interval with 
individual RR values (symbols) for pre-coating investigations with 1 µg/mL anidulafungin (AFG) in medium (blue squares), 
8 µg/mL AFG in medium (red circles) and with 1 µg/mL AFG in medium without coating (black triangles); RRmax as blue, red 
and black dashed lines, respectively. The time of 50% of RRmax (tRR,50) is presented as vertical blue, red and black dashed 
line, respectively. 
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3.2.6 Feasibility of microdialysis for anidulafungin: Investigation of 

retrodialysis 

CAFG in perfusate was constant during the investigated time of investigation (i) with AFG-free and 

investigation (ii) with 10 µg/mL AFG in RS/HSA (0.5%) medium. Cnom of perfusate was 200 µg/mL AFG 

in RS/HSA (0.5%) resulting in the mean CAFG (n=3 per catheter) of 215 µg/mL (CV: 2.56%) for 

catheter 1, 222 µg/mL (CV: 7.19%) for catheter 2 and 212 µg/mL (CV: 4.77%) for catheter 3 (Tab. 

3.2-16). Hence, CAFG in perfusate was constant during the investigated time. 

Tab. 3.2-16: Mean and coefficient of variation (CV) of anidulafungin concentrations (CAFG) in perfusate (n=3 per catheter) 
with a nominal concentration of 200 µg/mL AFG during delivery investigation.  

Perfusate 
Mean CAFG 

[µg/mL] 
CV, % 

1 215 2.56 

2 222 7.19 

3 212 4.77 

 

In medium, the mean CAFG of (i) was determined at time point 0 min and no AFG was detected. CAFG in 

medium increased over time. After 80 min, the mean CAFG was 0.094 µg/mL (CV: 8.85%), hence 

<LLOQ, and after 120 min 0.153 µg/mL (CV: 17.2%) (n=3 per time point of three catheters). In (ii), the 

mean CAFG of 10 µg/mL AFG containing medium (n=3 per catheter) was 9.84 µg/mL (CV: 3.31%), 

9.91 µg/mL (CV: 1.71%), and 9.77 µg/mL (CV: 2.90%) during the time investigated. In (ii) CAFG in 

medium was constant during the investigated time. 

After the equilibration phase of 15 min, CAFG in µDialysate was constant during the investigated time 

for both investigations (Fig. 3.2-19). Only the first sample from catheter 2 and catheter 3, in the 

beginning of the investigation with AFG-free medium (i), had a low concentration of 109 µg/mL and 

149 µg/mL AFG in µDialysate, respectively. Besides, the range of CAFG was from 172 to 222 µg/mL 

during subsequent investigations for all catheters.  
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Fig. 3.2-19: Anidulafungin (AFG) concentrations in microdialysate (n=3 per catheter and investigation) during (i) in AFG-free 
medium (left) and (ii) in 10 µg/mL AFG containing medium (right) over time (time shown as midtime). Catheters of (i) and 
(ii) were perfused with 200 µg/mL AFG. Catheter 1 presented as squares, catheter 2 as circles and catheter 3 as triangles. 

 

rD in (i), calculated from CAFG in µDialysate and perfusate, ranged from 9.82% to 50.8%. In (ii) rD 

ranged from -0.205% to 9.42%. Data on rD is presented in Tab. 3.2-17. The rD-time profile during 

investigation (i) and (ii) is shown in Fig. 3.2-20. rD of (i) was decreasing over time, whereas rD of (ii) 

was constant during the investigated time. 

 

Tab. 3.2-17: Minimum and maximum relative delivery (rDmin, rDmax) for (i) anidulafungin (AFG)-free and (ii) 10 µg/mL AFG in 
medium with 200 µg/mL AFG in perfusate calculated from CAFG in microdialysate (n=3 per catheter). 

Catheter rDmin, % rDmax, % 

AFG-free medium    

1 9.82 19.8 

2 10.3 50.8 

3 10.1 30.0 

   

10 µg/mL AFG in medium    

1 0.252 6.12 

2 -0.205 2.77 

3 5.85 9.42 
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Fig. 3.2-20: Relative delivery (rD) of anidulafungin (AFG) concentrations (CAFG) in microdialysate presented as midtime. 
Investigation (i) with AFG-free medium (left) and (ii) with 10 µg/mL AFG in the medium (right). 200 µg/mL AFG is in 
perfusate during both investigations. rD of catheter 1 presented as violet squares, catheter 2 as green circles and catheter 3 
as orange triangles. In (ii), the rD of catheter 1 and catheter 2 are overlapping at 60 min and the rD of catheter 2 has a 
negative value, hence, the value is missing at 100 min. 

 

3.3 Voriconazole static in vitro microdialysis 

3.3.1 Dependence of relative recovery and relative delivery on flow rate 

or concentration 

3.3.1.1 Dependence of relative recovery and relative delivery on flow rate 

Flow rates of 1 and 2 µL/min were compared in terms of differences in resulting RR or rD. CVOR 

ranging from 0.5 µg/mL to 4.0 µg/mL in perfusate or medium were combined with respective flow 

rates. The mean RR/rD of 1 µL/min was 88.3% (CV: 7.56%; n=94) and for 2 µL/min 88.4% (CV: 6.87%; 

n=96). Hence, there were no significant differences between a FR of 1 and 2 µL/min (p=0.778, 

Wilcoxon-Mann-Whitney test). 

During recovery investigations the mean RR (n=48 per FR) of 1 µL/min was 87.1% (CV: 4.89%) and of 

2 µL/min 87.0% (CV: 4.44%). Delivery investigations showed a mean rD of 90.2% (CV: 8.73%) for 

1 µL/min (n=46, two samples were excluded due to flushing) and 89.8% (CV: 8.31%) for 2 µL/min 

(n=48). Between recovery and delivery setting, a significant difference in RR/rD was determined 

(p=1.71e-05, Wilcoxon-Mann-Whitney test). Results are shown in Fig. 3.3-1 for the combinations of 

flow rates and experimental setting (recovery or delivery). Individual results are presented in Tab 8-1 

for the recovery setting and Tab 8-2 for the delivery setting. 
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Fig. 3.3-1: Comparing flow rates of 1 µL/min (green) and 2 µL/min (orange) with relative delivery resulting from delivery 
(squares) and relative recovery from recovery (circles) investigations, mean is presented as black bar (n=46-48 per 
combination of flow rate and recovery/delivery setting).  

 

3.3.1.2 Dependence of relative recovery and relative delivery on concentration 

The mean RR and rD from CVOR of 0.5, 1.5, 3 and 4 µg/mL in perfusate or medium were compared 

with each other. The recovery investigation of 0.5 µg/mL VOR in medium had a mean RR (n=24 per 

concentration of FR 1 and 2 µL/min) of 87.6% (CV: 6.10%), 87.4% (CV: 4.09%) for 1.5 µg/mL, 85.9% 

(CV: 4.49%) for 3.0 µg/mL, and 87.3% (CV: 3.52%) for 4.0 µg/mL. There was no statistical difference 

of rD between the concentrations of the recovery investigation (p=0.44, one-way ANOVA). In 

comparison, the mean rD (n=23-24 per concentration of FR 1 and 2 µL/min) during the delivery 

investigations was 78.0% (CV: 3.41%) for 0.5 µg/mL VOR in perfusate, 90.8% (CV: 2.35%) for 

1.5 µg/mL, 95.8% (CV: 1.21%) for 3.0 µg/mL, and 95.6% (CV: 2.14%) for 4.0 µg/mL. Significant 

differences in rD were seen between all the single investigated concentrations during the delivery 

setting (p<2.2e-16, Kruskal-Wallis test; a pairwise comparison of combinations was performed using 

the Wilcoxon-Mann-Whitney test which resulted for all combinations in p < 0.05). Overall, the mean 

RR (n=96) was 87.0% (CV: 4.65%) and rD (n=94) was 90.0% (CV: 8.48%). Means of RR, SD and CV are 

listed for the individual concentrations and experimental settings in Tab. 3.3-1. 

Individual results are shown in Tab 8-1 for the recovery setting and in Tab 8-2 for the delivery setting. 

Results for the combinations of concentrations and experimental setting (recovery or delivery) are 

shown in Fig. 3.3-2. 
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Tab. 3.3-1: Mean, standard deviation (SD) and coefficient of variation (CV) (n=23-24 per concentration and experimental 
setting) of relative recovery (RR) and relative delivery (rD) for the individual concentrations and experimental settings of 
voriconazole (VOR). 

VOR concentration in 

medium/perfusate [µg/mL] 

Recovery Delivery 

Mean RR ± SD, % CV, % Mean rD ± SD, % CV, % 

     

0.5 87.6 ± 5.35 6.10 78.0 ± 2.66 3.41 

1.5 87.4 ± 3.57 4.09 90.8 ± 2.14 2.35 

3 85.9 ± 3.86 4.49 95.8 ± 1.16 1.21 

4 87.3 ± 3.07 3.52 95.6 ± 2.04 2.14 

Overall 87.0 ± 4.05 4.65 90.0 ± 7.63 8.48 

 

 

Fig. 3.3-2: Comparing the individual concentrations (0.5 µg/mL (green), 1.5 µg/mL (orange), 3.0 µg/mL (purple) and 
4.0 µg/mL (blue)) with relative recovery and relative delivery resulting from delivery (squares) and recovery (circles) 
investigations, mean is  presented as black bar (n=24 per combination of concentration and recovery/delivery setting). 

 

3.3.2 Investigation of retrodialysis 

During the retrodialysis investigation (i) with 20 µg/mL VOR in RS in perfusate and VOR-free medium 

of RS, the overall mean rD was 95.3% (CV: 1.51%) (n=9). The overall mean rD for 200 µg/mL VOR in 

RS in perfusate was 96.0% (CV: 1.21%) (n=9). The investigation (ii) with 20 µg/mL VOR in perfusate 

and 1 µg/mL VOR in medium had an overall mean of 93.0% (CV: 0.416%). 200 µg/mL VOR in 

perfusate led to a mean rD of 96.4% (CV: 1.79%). The perfusate containing 20 µg/mL in a 10 µg/mL 

VOR medium in investigation (iii) resulted in a mean rD of 54.7% (CV: 2.79%) and 92.5% (CV: 1.34%) 

for 200 µg/mL VOR in perfusate. There was a significant difference in rD between the three settings 

of retrodialysis with 20 µg/mL VOR in perfusate and different medium concentrations (p=1.09e-05, 
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Kruskal-Wallis test; a pairwise comparison of combinations was performed using the Wilcoxon-

Mann-Whitney test: 10 µg/mL and VOR-free medium with a p=6.2e-05, 10 µg/mL and 1 µg/mL with a 

p=6.2e-05, 1 µg/mL and VOR-free medium with a p= 8.2e-05). For the setting with 200 µg/mL VOR in 

perfusate, only the rD in the investigation with 10 µg/mL VOR in medium was significantly different 

(p=3.00e-04, Kruskal-Wallis test; a pairwise comparison of combinations was performed using the 

Wilcoxon-Mann-Whitney test: 10 µg/mL and VOR-free medium with a p=1.2e-04, 10 µg/mL and 

1 µg/mL with a p=4.3e-04). Data on rD from retrodialysis is presented in Fig. 3.3-3. Individual data on 

rD and CV are shown in Fig 8-3. 

 

Fig. 3.3-3: Relative delivery determined during retrodialysis with 20 (squares) or 200 µg/mL (circles) voriconazole (VOR) in 
Ringer’s solution in perfusate in (i) VOR-free (green), (ii) 1 µg/mL VOR (orange) and (iii) 10 µg/mL VOR (purple) containing 
medium (n=9 per perfusate and medium combination).  
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3.4 Antifungals in a dynamic in vitro microdialysis system 

3.4.1 Development of the dynamic in vitro microdialysis system 

The structure of the experimental dIVMS is shown in Fig. 3.4-1. The dIVMS consisted of a double 

layer (spinner) glass flask, a magnetic stirrer and a stir bar, a peristaltic pump, a heated water bath, 

reservoir and waste containers, the µDialysis catheters and pumps. A spinner flask was used as 

medium vessel for the preliminary tests. The flask was made of glass and contained a double layer 

(water jacket): an inner compartment for the medium and an outer compartment for the tempered 

water. The outer layer was connected to a water bath, which assured constant temperature in the 

medium of the inner compartment. A magnetic stir bar in the medium fluid was activated by a 

magnetic stirrer underneath the flask. The magnetic stir bar guaranteed continuous fluid movement. 

The inner compartment was connected with a peristaltic pump to a reservoir and a waste container. 

In the peristaltic pump, tubings were fixed over a roller. When the roller pressed the tubings, the 

medium in the tubings was transported. Thus, the volume of medium was passed through the 

tubings in intervals.  

 

 

Fig. 3.4-1: Dynamic in vitro microdialysis system. Glass flask with a magnetic stir bar in the medium fluid in the inner 
compartment and the warm water stream in the outer compartment, respectively (left). Glass flask, heated water bath and 
respective connecting tubings, pump and connecting tubings to medium reservoir and waste containers (right). 

For the fixation of µDialysis catheters, a guiding cannula (glass tube) was pierced through a rubber 

plug which prevented the medium from leaking. Medium samples were taken via a fixed long 

cannula leading into the medium fluid. The medium was filled into the inner chamber of the flask and 

warm water was perfused through the outer chamber (connected to the water bath). In- and outflow 

for medium was guaranteed with tubings guided through the “arms” of the flask into the medium. 

The flask is shown in detail in Fig. 3.4-2 and an overview of the experimental dIVMS is given in Fig. 

3.4-3. 
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Fig. 3.4-2: Dynamic in vitro microdialysis system: 1. concentric microdialysis catheter in guiding cannula; 2. cannula; 3. inner 
chamber; 4a. Inflow of water into the outer chamber; 4b. Outflow of water out of the outer chamber; 5a. inflow tubing for 
medium; 5b. outflow tubing for medium; 6. magnetic stir bar. 

 

 

 

 

Fig. 3.4-3: Structure of the experimental model prototype of the dynamic in vitro microdialysis system. The double layer 
glass flask contains the medium. Microdialysis catheters and a long cannula for sample taking are placed into the medium. 
The medium is pumped by a peristaltic pump from the medium reservoir container into the flask and from there into the 
waste container. Warm water from the water bath (thermostat) is perfused through the outer layer of the glass flask. A 
magnetic stir bar (magnet) in the medium is activated by a magnetic stirrer below the glass flask. 
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3.4.2 Validation of the dynamic in vitro microdialysis system 

From 20.5°C at the start of the experiment, the temperature in the glass flask and in the water bath, 

measured by digital thermometers, rose and achieved 37.3°C (CV: 0.615%) and 37.5°C (CV: 0.133%) 

after 10 min, respectively. The mercury thermometer continuously measured a temperature of 

38.0°C, 10 min after start of investigation. Results of temperature measurements are shown in Tab. 

3.4-1. 

Tab. 3.4-1: Mean, standard deviation (SD) and coefficient of variation (CV) of temperature monitored in the flask or water 
bath with digital or mercury thermometers. n=14 measurements per thermometer after 10 min up to 23 h; only decimal 
numbers of .0 and .5 were displayed on mercury thermometer. 

Thermometer Mean [°C] SD [°C] CV, % 

Digital (flask) 37.3 0.229 0.615 

Digital (water bath) 37.5 4.97 10-2 0.133 

Mercury (water bath) 38.0 0.00 0.00 

 

The pump worked continuously without interruption during the investigated time. In the first hour 

after the start of pumping with a new pair of tubings at a speed of 23 rpm, the mean PR was 

153 µL/min (CV: 6.78%; nin+outflow=32). The PR increased from the first sampling interval (0-1 h) to the 

second interval (5-6 h) and was stable during the following investigation. The average of samples 

taken from 5-6 h and 24-25 h were 166 µL/min (CV: 4.60%, nin+outflow=32) and 168 µL/min (CV: 3.73%, 

nin+outflow=31), respectively (Fig. 3.4-4). 

 

Fig. 3.4-4: Boxplots of measured pump rate (PR) from samples of in- and outflow of two tubings fixed in the pump of the 
dynamic in vitro microdialysis system. Samples were taken from 0-1 h, 5-6 h and 24-25 h. Boxes: inter-quartile range (IQR), 
including median; whiskers: 1.5 · IQR; red points: randomly scattered single PR values. 
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The observed PR for inflow samples was smaller than for outflow samples throughout the 

investigated time. The mean PR during the first interval (0-1 h) was 149 µL/min (CV: 7.42%) for in- 

and 157 µL/min (CV: 5.27%) for outflow. Inflow during the second sampling interval (5-6 h) was 

163 µL/min (CV: 4.38%) and 167 µL/min (CV: 4.29%) for outflow. In the last sampling interval, the PR 

for inflow was 167 µL/min (CV: 3.11%) and 169 µL/min (CV: 4.26%) for outflow. Results for in- and 

outflow are shown in Tab. 3.4-2. Hence, the pump with new tubings should be started at least 5-6 h 

before start of actual investigation. 

Tab. 3.4-2: Mean, standard deviation (SD) and coefficient of variation (CV) of in- and outflow samples during the three 
investigated intervals (0-1 h, 5-6 h and 24-25 h). 

Investigated parameter 

0-1 h 

Mean [µL/min] (n) 

SD [µL/min] 

CV, % 

5-6 h 

Mean [µL/min] (n) 

SD [µL/min] 

CV, % 

24-25 h 

Mean [µL/min] (n) 

SD [µL/min] 

CV, % 

Inflow 149 (16) 

11.1 

7.42 

163 (16) 

7.13 

4.38 

167 (15) 

5.19 

3.11 

    

Outflow 157 (16) 

8.28 

5.27 

167 (16) 

7.18 

4.29 

169 (16) 

7.18 

4.26 

 

The stirring of the catheter surrounding medium was continuous and constant with the speed of the 

magnetic stirrer at 700 rpm. 50 µL of methylene blue solution (1%), administered via 2. (Fig. 3.4-2), 

were homogenously distributed within 2 min (n=10). 

3.4.3 In silico simulations and in vitro mimicry of concentration-time 

profiles of antifungals in the dynamic in vitro microdialysis system 

3.4.3.1 In silico simulation of pharmacokinetic profiles of antifungals 

Results of the technical parameters for the dIVMS of VOR and AFG are listed in Tab. 3.4-3. The 

maximum drug concentration in the medium fluid was 1.97 µg/mL VOR for the plasma and 

0.940 µg/mL VOR for the ISF mimicry (unbound). A total AFG concentration in medium fluid was 

6.60 µg/mL for the plasma profile. Hence a mass of 197 µg and 94.0 µg of VOR and 660 µg of AFG 

were to be diluted in 0.5 mL (VOR) or 1.0 mL (AFG) drug-free medium (VIV bolus injection), resulting in 

CIV bolus injection of 395 µg/mL and 188 µg/mL VOR and 660 µg/mL AFG, respectively. The calculated ke 

was 0.1155 h-1 and 0.0815 h-1 for VOR profiles and 0.0333 h-1 for AFG. Pump rates of 193 µL/min 
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were determined for the plasma profile of VOR and 136 µL/min for the VOR ISF profile. The AFG 

plasma profile had a PR of 55.5 µL/min. All concentration-time profiles were simulated for 24 h. 

Simulated profiles are shown in Fig. 3.4-5 for AFG plasma concentrations, in Fig. 3.4-6 for plasma and 

in Fig. 3.4-7 for VOR ISF concentrations.  

Tab. 3.4-3: Technical parameters of voriconazole (VOR) and anidulafungin (AFG) pharmacokinetic profile mimicry of plasma 
and interstitial space fluid (ISF): maximum total/unbound drug concentration (Cmax), dose of the analyte (D), volume of IV 
bolus injection (VIV bolus injection), drug concentration in IV bolus injection (CIV bolus injection), elimination rate constant (ke), PR 
(pump rate). 

Technical parameters 
VOR 

plasma 

VOR 

ISF 

AFG 

plasma 

Cmax [µg/mL] 1.97 (unbound) 0.940 (unbound) 6.60 (total) 

D [µg] 197 94.0 660 

VIV bolus injection [mL] 0.5 0.5 1.0 

CIV bolus injection [µg/mL] 395 188 660 

ke [h-1] 0.1155 0.0815 0.0333 

PR [µL/min] 193 136 55.5 

 

 

 

 

Fig. 3.4-5: Simulation of the concentration-time profile of anidulafungin based on data from Crandon et al. [73] for 24 h. 

 



Results 

87 
 

 

Fig. 3.4-6: Simulation of the concentration-time profile of voriconazole based on data from Theuretzbacher et al. [80] for 
24 h. 

 

 

Fig. 3.4-7: Simulation of the concentration-time profile of voriconazole based on data from Simmel et al. [2] for 24 h. 

 

3.4.3.2 In vitro mimicry of pharmacokinetic profiles 

The drug concentration of i.v. bolus injection in the syringe for the respective VOR or AFG 

investigations is listed in Tab. 3.4-4. In silico calculated drug concentrations of i.v. bolus injection 

solution for VOR was 395 µg/mL (i) and 188 µg/mL (ii) in the syringe. VOR concentrations in injection 

solution observed in vitro were 379 µg/mL and a mean of 189 µg/mL (n=1 (i) and n=3 (ii); RE: -4.13% 

(i), +0.410% (ii)). The calculated AFG concentration of the injection solution was 660 µg/mL and Cobs 

was 723 µg/mL (RE: +9.39%). 
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Tab. 3.4-4: In silico calculated and in vitro observed drug concentrations of voriconazole (VOR) and anidulafungin (AFG) of 
i.v. bolus injection solution in syringes (nVOR=1 sample (ii), nVOR=3 samples (ii), nAFG=1 sample) and accuracy of observed to 
calculated concentrations expressed as percentage deviation (RE, %). 

Drug in i.v. bolus 

injection 

Drug concentration [µg/mL] 

Calculated  

Drug concentration [µg/mL] 

Observed  

RE, % 

VOR (i) 395 379 -4.13 

VOR (ii) 188 189 (mean) +0.410 

AFG 660 723 +9.39 

 

Voriconazole 

The variability of VOR concentrations in medium was presented as CV around the in silico calculated 

VOR concentrations. The coefficient of variation (CV, %) of the pump in the dIVMS was 4.50% 

(rounded up from 4.38% (Tab. 3.4-2)) after equilibration (5-6 h interval). A maximum CV (precision of 

QC samples) of the bioanalytical method of VOR was 9.32%, which was rounded up to 9.50% (Tab. 

3.1-3). The concentration-time profile for (i) of in silico calculated and in vitro observed VOR 

concentrations in medium is shown in Fig. 3.4-8. The observed VOR concentrations showed a 

decrease of VOR concentration over time similar to the calculated concentrations. 

 

Fig. 3.4-8: Concentration-time profile based on data of Theuretzbacher et al. of voriconazole (VOR) in medium during 8 h; in 
silico calculated (blue line) and in vitro observed (triangles) VOR concentrations. The coefficient of variation (CV, %) of the 
pump (dynamic in vitro microdialysis system) after equilibration (CV: 4.50%) and the maximum CV of the bioanalytical assay 
for VOR (CV: 9.50%) are presented as dark blue and light blue ribbons around the in silico concentrations of VOR, 
respectively. 
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The concentration-time profile of (ii) is shown in Fig. 3.4-9. The observed VOR concentrations of (ii) 

showed a concentration-time profile of VOR concentrations over time similar to the calculated 

concentrations. 

 

Fig. 3.4-9: Concentration-time profile based on data from Simmel et al. of voriconazole (VOR) in medium during 8 h; in silico 
calculated (blue line) and in vitro the mean observed (triangles) concentrations. The coefficient of variation (CV, %) of the 
pump (dynamic in vitro microdialysis system) after equilibration (CV: 4.50%) and the maximum CV of the bioanalytical assay 
for VOR (CV: 9.50%) are presented as dark blue and light blue ribbons around the in silico concentrations of VOR, 
respectively. 

For (iii), the concentration-time profile is shown in Fig. 3.4-10. Samples taken after 45 h of 

investigation had concentrations <LOD. The observed VOR concentrations above the LLOQ were 

similar to the calculated VOR concentrations. 

 

Fig. 3.4-10: Concentration-time profile based on data from Simmel et al. of voriconazole (VOR) in medium during 55 h; in 
silico calculated (blue line) and in vitro observed (triangles) concentrations. Medium samples taken after 45 h of 
investigation had concentrations <LOD. The coefficient of variation (CV, %) of the pump (dynamic in vitro microdialysis 
system) after equilibration (CV: 4.50%) and the maximum CV of the bioanalytical assay for VOR (CV: 9.50%) are presented 
as dark blue and light blue ribbons around the in silico concentrations of VOR, respectively. 
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Anidulafungin 

The variability of AFG concentrations in medium was presented as CV around the in silico calculated 

AFG concentrations. The coefficient of variation (CV, %) of the pump in the dIVMS was 4.50% 

(rounded up from 4.38% (Tab. 3.4-2)) after equilibration (5-6 h interval). A maximum CV (precision of 

QC samples) of the bioanalytical method of AFG was 8.00% (Tab. 3.1-2). The concentration-time 

profile of in silico calculated and in vitro observed AFG concentrations in medium is shown in Fig. 

3.4-11. Here, it was shown that the concentration-time profile of observed AFG concentrations 

decreased similar to the calculated profile of AFG.  

 

Fig. 3.4-11: Concentration-time profile based on data from Crandon et al. of anidulafungin (AFG) in medium during 6 h; in 
silico calculated (blue line) and in vitro observed (triangles) concentrations. The coefficient of variation (CV, %) of the pump 
(dynamic in vitro microdialysis system) after equilibration (CV: 4.50%) and the maximum CV of the bioanalytical assay for 
AFG (CV: 8.00%) are presented as dark blue and light blue ribbons around the in silico concentrations of AFG, respectively. 

 

3.4.4 In vitro microdialysis investigations with the dynamic in vitro 

microdialysis system 

Voriconazole 

The in vitro observed and in silico calculated VOR concentrations in the medium are shown in Fig. 

3.4-12 for investigation (i) and with a perfusate containing 20 µg/mL VOR and in Fig. 3.4-13 for 

investigation (ii) with a perfusate containing 200 µg/mL VOR.  

The observed VOR concentrations of (i) and (ii) showed a concentration-time profile of VOR similar to 

the calculated profile with most concentrations within the variability ranges of the pump (CV: 4.50%) 

and the bioanalytical method (CV: 9.50%). 
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Fig. 3.4-12: Calculated (blue line) and observed (triangles) voriconazole (VOR) concentrations in medium of (i). The 
coefficient of variation (CV, %) of the pump (dynamic in vitro microdialysis system) after equilibration (CV: 4.50%) and the 
maximum CV of the bioanalytical assay for VOR (CV: 9.50%) are presented as dark blue and light blue ribbons around the 
calculated concentrations of VOR, respectively. 

 

 

Fig. 3.4-13: Calculated (blue line) and observed (triangles) voriconazole (VOR) concentrations in medium of (ii). The 
coefficient of variation (CV, %) of the pump (dynamic in vitro microdialysis system) after equilibration (CV: 4.50%) and the 
maximum CV of the bioanalytical assay for VOR (CV: 9.50%) are presented as dark blue and light blue ribbons around the 
calculated concentrations of VOR, respectively. 

The VOR concentration in perfusate was decreasing during retrodialysis. During (i) CVOR slightly 

decreased from a mean concentration of 20.5 µg/mL to 19.0 µg/mL (SD ≤0.463 µg/mL, CV ≤2.26%) 

and during (ii) from 212 µg/mL to 201 µg/mL (SD ≤3.06 µg/mL, CV ≤1.52%). Results are shown in Tab. 

3.4-5 and Fig 8-6.  
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Tab. 3.4-5: Mean, standard deviation (SD) and coefficient of variation (CV) of voriconazole concentration (CVOR) in perfusate 
during retrodialysis of (i) and (ii). 

Time point of 

investigations 
Mean CVOR [µg/mL] SD [µg/mL] CV, % 

(i)    

t=0 min (n=3) 20.5 0.463 2.26 

t=30 min (n=3) 19.0 0.146 0.770 

Overall (n=6) 19.7 0.875 4.44 

(ii)    

t=0 min (n=3) 212 0.677 0.319 

t=30 min (n=3) 201 3.06 1.52 

Overall (n=6) 207 6.06 2.93 

 

RR values of (i) and (ii) were constant during retrodialysis (see Fig. 3.4-14). The mean RR (n=3) for the 

catheters of (i) ranged from 94.6% to 95.7% (SD ≤0.352%, CV ≤0.369%) and in (ii) from 96.6% to 

97.6% (SD ≤0.644%, CV ≤0.662%), which is presented in Tab. 3.4-6. 

 

 

Fig. 3.4-14: Relative recovery (RR) during the 30 min (shown as midtime points) of retrodialysis for catheter 1 (squares), 
catheter 2 (circles) and catheter 3 (triangles) in (i) on the left and in (ii) on the right (n=3 per midtime point). 
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Tab. 3.4-6: Mean, standard deviation (SD) and coefficient of variation (CV) of relative recovery (RR) from retrodialysis of 
catheters from (i) and (ii), n=3 per catheter. 

Catheter Mean RR, % SD, % CV, % 

(i)    

1 

2 

3 

95.4 

94.6 

95.7 

0.352 

0.168 

0.0441 

0.369 

0.177 

0.0460 

(ii)    

1 

2 

3 

97.2 

96.6 

97.6 

0.644 

0.307 

0.126 

0.662 

0.296 

0.123 

 

Accuracy of the volume in µDialysate samples ranged from RE (%) -15.3% to +3.27% for (i) and from  

-10.3% to +5.78% for (ii). The recovered volume in µDialysate samples was constant and high 

enough, hence, no volume correction of RR was performed. 

The observed VOR concentration in medium was plotted together with the VOR medium 

concentration calculated of the VOR concentration in µDialysate samples (of the three catheters) 

against midtime, shown in Fig. 3.4-15. The first µDialysate samples of all three catheters (of (i) and 

(ii)) had VOR concentrations considerably below the observed medium concentration. Whereas the 

other medium concentrations calculated of the VOR concentration in µDialysate samples were 

similar to the observed medium concentration. 

 

 

Fig. 3.4-15: Observed voriconazole (VOR) concentrations in medium (blue line) and the VOR medium concentration 
calculated of the VOR concentration in microdialysate samples (triangles, shown as midtime) are plotted against time: 
catheter 1 (blue), catheter 2 (orange), catheter 3 (red). Plot of (i) is on the left and of (ii) on the right. The coefficient of 
variation (CV, %) of the pump (dynamic in vitro microdialysis system) after equilibration (CV: 4.50%) and the maximum CV 
of the bioanalytical assay for VOR (CV: 9.50%) are presented as dark blue and light blue ribbons around the observed VOR 
concentrations in medium, respectively. 



Results 
 

94 
 

Anidulafungin 

The in vitro observed and in silico calculated AFG concentrations in the medium are shown in Fig. 

3.4-16. Here, the variability of AFG concentrations in medium was presented as CV around the in 

silico calculated AFG concentrations. In Fig. 3.4-16, it was shown that the concentration-time profile 

of observed AFG concentrations decreased similar to the calculated profile of AFG but observed 

concentrations were not withing the variability ranges of the pump (CV: 4.50%) and the bioanalytical 

method (CV: 8.00%). The observed concentrations of AFG were below the calculated concentrations. 

 

 

Fig. 3.4-16: Calculated (blue line) and observed (triangles) anidulafungin (AFG) concentrations in medium. The coefficient of 
variation (CV, %) of the pump (dynamic in vitro microdialysis system) after equilibration (CV: 4.50%) and the maximum CV 
of the bioanalytical assay for AFG (CV: 8.00%) are presented as dark blue and light blue ribbons around the calculated 
concentrations of AFG, respectively. 

 

The AFG concentration in perfusate was increasing during retrodialysis (see Tab. 3.4-7 and Fig 8-7), 

from a mean concentration of 202 µg/mL to 219 µg/mL (SD ≤25.7 µg/mL, CV ≤11.8%). 

Tab. 3.4-7: Mean, standard deviation (SD) and coefficient of variation (CV) of anidulafungin concentrations in perfusate 
during retrodialysis. 

Sampling time Mean [µg/mL] SD [µg/mL] CV, % 

t=0 min (n=3) 202 3.30 1.63 

t=120 min (n=3) 219 25.7 11.8 

Overall (n=6) 210 18.6 8.86 
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Accuracy of the volume in µDialysate samples (nominal volume: 40 µL) ranged from RE (%)  

-46.1% to -11.0% (Fig 8-8). Thus, results on RR during retrodialysis and on AFG concentrations in 

µDialysate during recovery investigation were corrected with the respective recovered volume in 

µDialysate.  

In general, RR was decreasing over time during retrodialysis (see Fig. 3.4-17). In Tab. 3.4-8 the mean 

RR per midtime point (n=3 per midtime point) are presented. The mean RR decreased from 41.0% 

(SD: 5.24%, CV: 12.8%) after the first sampling interval to 8.14% (SD: 5.70%, CV: 70.0%) after the 

third interval of observed RR and from 51.3% (SD: 3.10%, CV: 6.04%) to 20.8% (SD: 3.98%, CV: 19.2%) 

of volume-corrected RR. 

 

Fig. 3.4-17: Relative recovery (RR) during retrodialysis (shown as midtime) calculated from observed anidulafungin 
concentrations in microdialysate (left) and with volume correction (right). Catheter 1: squares; catheter 2: circles; catheter 
3: triangles. 

 

Tab. 3.4-8: Mean, standard deviation (SD) and coefficient of variation (CV) of relative recovery (RR) from anidulafungin 
(AFG) containing retrodialysate per midtime point (n=3 per midtime point). Observed: RR calculated from AFG in 
µDialysate; Volume-corrected: RR adjusted by volume correction. 

Time point Mean RR, % SD, % CV, % 

Observed    

Time=20 min 

Time=60 min 

Time=100 min 

41.0 

7.88 

8.14 

5.24 

4.06 

5.70 

12.8 

51.6 

70.0 

    

Volume-corrected    

Time=20 min 

Time=60 min 

Time=100 min 

51.3 

20.6 

20.8 

3.10 

1.73 

3.98 

6.04 

8.44 

19.2 

 



Results 
 

96 
 

For µDialysis samples during retrodialysis, the mean RR (n=3 per catheter) of observed RR was 20.5% 

(CV: 83.7%) for catheter 1, 13.8% (CV: 141%) for catheter 2 and 22.7% (CV: 91.2%) for catheter 3 (see 

Tab. 3.4-9). The mean volume-corrected RR was 30.4% (CV: 53.9%) for catheter 1, 28.5% (CV: 64.9%) 

for catheter 2 and 33.7% (CV: 54.3%) for catheter 3 (see Tab. 3.4-9).  

Tab. 3.4-9: Mean, standard deviation (SD) and coefficient of variation (CV) of relative recovery from anidulafungin 
containing retrodialysate per catheter (n=3 per catheter). Observed: RR calculated from AFG in µDialysate; Volume-
corrected: RR adjusted by volume correction. 

Catheter Mean RR, % SD, % CV, % 

Observed    

Catheter1 

Catheter2 

Catheter3 

20.5 

13.8 

22.7 

17.2 

19.4 

20.7 

83.7 

141 

91.2 

    

Volume-corrected    

Catheter1 

Catheter2 

Catheter3 

30.4 

28.5 

33.7 

16.4 

18.5 

18.3 

53.9 

64.9 

54.3 

 

During the first sampling interval of the recovery investigation, AFG was not detected with the 

bioanalytical HPLC assay (< LLOQ, see chapter 2.2.3) in µDialysate samples of catheter 1, 2 and 3.  

The observed AFG concentrations in µDialysate and in medium during recovery investigation were 

plotted against (mid-) time in Fig. 3.4-18. The AGF medium concentration was constantly decreasing 

as shown in Fig. 3.4-16 while CAFG in µDialysate was increasing during the time investigated. After the 

6 h of investigation, CAFG in µDialysate reached a plateau phase. 
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Fig. 3.4-18: Observed anidulafungin concentrations in microdialysate (triangles) presented at midtime and medium samples 
(squares) against time in the dynamic in vitro microdialysis system.  

 

The observed AFG concentration in medium was plotted together with the AFG medium 

concentration calculated of the AFG concentration in µDialysate samples (of the three catheters) 

against midtime (observed concentrations in Fig. 3.4-19 and the volume-corrected concentrations in 

Fig. 3.4-20).  

 

 

Fig. 3.4-19: Observed anidulafungin (AFG) concentrations in medium (blue line) and the AFG medium concentration 
calculated of the AFG concentration in microdialysate samples (triangles, shown as midtime) are plotted against time: 
catheter 1 (blue), catheter 2 (orange), catheter 3 (red). The coefficient of variation (CV, %) of the pump (dynamic in vitro 
microdialysis system) after equilibration (CV: 4.50%) and the maximum CV of the bioanalytical assay for AFG (CV: 8.00%) are 
presented as dark blue and light blue ribbons around the observed AFG concentrations in medium, respectively. 
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Fig. 3.4-20: Observed anidulafungin (AFG) concentrations in medium (blue line) and the AFG medium concentration 
calculated of the AFG concentration with volume correction in microdialysate samples (triangles, shown as midtime) are 
plotted against time: catheter 1 (blue), catheter 2 (orange), catheter 3 (red). The coefficient of variation (CV, %) of the 
pump (dynamic in vitro microdialysis system) after equilibration (CV: 4.50%) and the maximum CV of the bioanalytical assay 
for AFG (CV: 8.00%) are presented as dark blue and light blue ribbons around the observed AFG concentrations in medium, 
respectively. 
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4 Discussion 

4.1 Bioanalytical quantification of anidulafungin and 

voriconazole 
The validation results of the developed HPLC methods were in accordance with the EMA Guideline 

on bioanalytical method validation [3]. Many different assays for the quantification of AFG 

[60,65,70,73,94,95] and VOR [2,52,70,73,75,84,94,96,97], primarily in plasma, have been established 

previously. A major advantage of the bioanalytical assays established in the present thesis, was the 

suitability for µDialysis samples, i.e. to quantify analyte concentrations in very small volumes, which 

are typical for µDialysis samples [12,24,34,36]. Given the sampling intervals and flow rates in the 

in vitro µDialysis investigations, sample volumes resulted in 20 µL for AFG and 16 µL for VOR. Apart 

from the possibility to handle small sample volumes, the final methods should also be as simple as 

possible to be implemented in routine measurements.  

The major optimisation of the bioanalytical assay for VOR compared to the previously established 

method [90] was the modified sample dilution in the 96-well-plate, using water instead of 

acetonitrile (ACN) during sample preparation. In the prior quantification method, the mobile phase 

contained ACN to achieve sufficient separation of the VOR peak from potentially interfering peaks. 

Therefore it was required to use ACN also for dilution of samples [90]. Due to an altered composition 

of the mobile phase in the new method, i.e. using methanol instead of ACN, milli-Q water could be 

used for dilution instead of ACN. Hence, using water for dilution instead of ACN improved the 

method, because accurate pipetting of water compared to ACN was much easier due to the lower 

vapour pressure of water (water at 25°C of 31.7 hPa [98] compared to ACN at 25°C of 118 hPa [99]). 

The new sample preparation increased precision of the assay as a result of increased accuracy in 

preparation.  

Since the here presented µDialysis study of AFG was the first one investigating AFG, a completely 

new bioanalytical assay for in vitro µDialysate samples had to be developed. A standard matrix for 

µDialysis samples like water or RS was not applicable because of occurring adsorption of the drug to 

laboratory material, which had already been stated in literature [100]. AFG was detectable with HPLC 

from samples containing AFG in a matrix of water or NaCL solution (0.9%) only with high analyte 

concentrations [101]. A matrix composed of RS and 0.5% HSA was found to reduce adsorption by 

providing potential binding to albumin instead of surfaces of the laboratory material [32] and hence, 

allowed the detection of lower concentrations (LLOQ: 0.10 µg/mL, see chapter 3.1.1). A disadvantage 

of this matrix was the more complex sample preparation due to the proteins in the matrix. Usually, 
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an advantage of µDialysis is the easy sample preparation of protein-free samples, which requires only 

few working steps or allows even direct injection of the sample [12] as for VOR. During the 

development of the bioanalytical quantification assay for AFG, a necessary step in the process of 

sample preparation was the precipitation of HSA molecules prior to quantification using an approach 

based on Sutherland et al. [65], which involved the use of methanol for precipitation. Samples 

treated with methanol for HSA precipitation were determined less precisely as a result of the higher 

vapour pressure of 169 hPa at 25°C [102] and loss of volume of methanol. Thus, tight closure of the 

wells using a cap mat was crucial. Otherwise concentrations might have increased as a result of 

volume loss by evaporation.  

A major challenge during development and validation of the bioanalytical assay as well as during the 

in vitro µDialysis investigations was the unavailability of AFG analytic reference substance. Instead, 

the AFG formulation Ecalta® was used to prepare the stock solution. Due to the availability of one 

package of Ecalta®, independent preparation of calibration solutions and quality control samples 

from two independently prepared stock solutions of analytical reference substances (or at least of 

two independent packages of Ecalta®) was not possible as required by the EMA Guideline on 

bioanalytical method validation [3]. In addition, Ecalta® did not only contain AFG but also excipients, 

e.g. fructose, mannitol, polysorbate 80, tartaric acid, sodium hydroxide and hydrochloric acid [103]. 

The exact amount of AFG in the formulation can slightly differ and the exact amount of AFG in the 

formulation can only be quantified against the analytical reference substance. The EMA restricts the 

maximum acceptable deviation in the active substance content of the pharmaceutical products to 

±5% [104], therefore the potential bias was negligible for all in vitro investigations (bioanalytical 

quantification and µDialysis), which were performed with aliquots of the stock solution.  

Selectivity of the analytical method: There were no interferences with the investigated matrices 

for AFG: RS+HSA (0.5%) or dextran 40 (5 mg/mL)/HSA (0.5%) in water. There was also no interference 

with VOR in the RS matrix. As shown in the chromatogram (see chapter 3.1.1), CFG used for pre-

coating was not detected with the applied bioanalytical assay for AFG. A potential CFG peak would 

presumably have appeared in front of the AFG peak due to higher hydrophilicity of the amine moiety 

of CFG. It could not be excluded that CFG was adsorbing on PP vials after it had been diluted with 

water for preparation of the stock solution. When the pharmaceutical formulation of CFG 

(Cancidas™) was diluted, no adsorption of drug to laboratory material was detected [36]. The 

resulting solution from the pharmaceutical formulation contained CFG, acetic acid, sodium 

hydroxide, sucrose and mannitol [105]. Since only a change in pH is conceivable from the 

composition of Cancidas™ compared to the analytical reference substance in water, a change in the 

ionic structure of the molecule could result. This may have affected adsorption, but data is lacking. In 
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the future, aqueous solutions of CFG with different pH values may be tested on their ability to adsorb 

on laboratory material. 

Carry-over effect: No carry-over was observed after injection of AFG or VOR samples at the ULOQ 

subsequently to blank matrix. Here, an absence of carry-over was especially important, considering 

AFG was known to adsorb on laboratory surfaces [100]. 

Lower limit of quantification and assay linearity: The investigated range of AFG in RS/HSA 

(0.5%) was 0.10-20.0 µg/mL and of VOR 0.15-10.0 µg/mL. The investigated concentration ranges of 

both drugs covered in vivo therapeutic concentration ranges. For the treatment of IFIs, a therapeutic 

range of total (i.e. bound and unbound) concentrations from 1.5 µg/ml to 4.5 µg/ml in plasma is 

recommended for VOR [106]. For oesophageal or oropharyngeal candidiasis, a total AFG 

concentration at steady state higher than 1.5 µg/mL, and minimum concentration higher than 

1.0 µg/mL of AFG have been associated with therapeutic success [58]. Thus, target-site 

concentrations were in a comparable range to the in vitro µDialysis concentrations and the assay was 

therefore considered to be also adequate. 

Accuracy and precision: Accuracy and precision of both methods concerning AFG or VOR with their 

respective matrices corresponded to the Guideline on bioanalytical method validation [3] with RE 

and CV ≤20% for LLOQ and ≤±15% for other concentrations investigated up to the ULOQ (see chapter 

3.1.1). 

Dilution integrity: Stock solutions of AFG and VOR of 1 mg/mL each were diluted to 40 µg/mL and 

200 µg/mL for AFG and VOR, respectively. Both concentrations were above the ULOQ and were 

subsequently diluted to obtain concentration ranges occurring during in vitro investigations. 

Accuracy and precision of diluted concentrations corresponded to the Guideline on bioanalytical 

method validation (≤±15% RE and CV ≤15%, see chapter 3.1.1) [3].  

Stability in µDialysate: Stability of VOR solutions in RS had already been investigated [28]. Due to 

the new sample preparation method, only the stability in the autosampler was investigated at 10°C 

up to 48 h and stable concentrations were shown (see chapter 3.1.1). For samples of AFG in RS/HSA 

(0.5%), a full stability investigation was successfully performed. Freeze-thaw, short-term-stability at 

room temperature, autosampler and long-term stability were investigated in accordance with the 

scenarios in daily laboratory-routine. Stability of AFG samples was confirmed for the investigated 

durations and temperatures (see chapter 3.1.1). 
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4.2 Anidulafungin in the static in vitro microdialysis system 
AFG concentrations used for in vitro investigations were based on a nonlinear mixed-effects PK 

model for plasma data [67]. Cmin and Cmax values had been estimated at steady state after different 

dosing regimens of AFG i.v. infusions in patients with fungal infections. Cmin was 1.6 µg/mL after a 

dosing regimen of 100/50 mg (loading/daily maintenance dose) and Cmax was 7.2 µg/mL of 

200/100 mg. Hence, CAFG between 1 and 10 µg/mL AFG in medium were analysed in the static and 

dynamic IVMS projects, covering the whole range of therapeutic concentrations.  

4.2.1 Adsorption and release of anidulafungin on catheter material: 

Behaviour of AFG in microsyringes 

AFG perfusate concentration in microsyringes was set to 0.2 µg/mL. This setting was supposed to be 

sensitive also for small concentration changes resulting from adsorption and release processes. 

Additionally, the AFG concentration in microsyringes was supposed to be low, but still quantifiable 

(LLOQ: 0.1 µg/mL, see chapter 2.2.3) throughout the investigation. Since a maximum CV of <6.80% 

(n=9) of AFG in new microsyringes was in accordance with the between-day variability (CV: 7.50%, 

see chapter 3.1.1) of QC samples in the bioanalytical assay at the level of LLOQ (0.1 µg/mL), 

variability in CAFG in the new microsyringes was in an acceptable range over the investigated time.  

For the investigation with previously used microsyringes a much higher concentrated AFG solution 

(50 µg/mL AFG) was filled in the microsyringes and subsequently washed out and dried, hence, CAFG 

in the perfusate of previously used microsyringes increased during the investigated time and 

significantly exceeded the nominal concentration (Tab. 3.2-1). Considering that the microsyringe had 

previously contained a solution of 50 µg/mL AFG, only a short exposure time was sufficient for AFG 

molecules to be released from the inner surface of the microsyringe into a solution of 0.2 µg/mL AFG 

(see chapter 3.2.1). Thus, CAFG in perfusate increased over time with final concentrations higher than 

the concentration in the beginning. It can be concluded that adsorption of AFG is reversible and for 

each in vitro µDialysis investigation, new microsyringes should be used. Otherwise, AFG adsorbed on 

the inside of microsyringes from previous investigations, e.g. delivery investigations, could increase 

CAFG in perfusate and result in biased assumptions regarding the behaviour of AFG in µDialysis. 

Hence, the hypothesis of adsorption of AFG to microsyringe material and subsequent release from 

the surface into lower concentrated solutions was confirmed (see chapter 3.2.1). 

Furthermore, these results lead to the hypothesis that also catheters previously used with AFG are at 

risk of releasing AFG from catheter surfaces, contributing to higher concentrations in µDialysate. The 

shown reversible adsorption behaviour requires special arrangements for further µDialysis 
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investigations, i.e. additional equilibration time of 3-4 h after concentration changes in medium and 

continuous perfusion of catheters during catheter coating with AFG even during recovery 

investigations. 

4.2.2 Comparison of microdialysis catheters 

AFG was quantified in µDialysate of CMA71® catheters with increasing RR over time. Since AFG was 

able to diffuse through the semi permeable membrane of a 100 kDa cut-off, CMA71® catheters with 

100 kDa cut-off were used for further investigations. It was assumed that maximum 1% of AFG 

molecules were not bound to albumin, due to the plasma protein binding of >99% [67]. Hence, 

maximum 1% of AFG molecules would have been able to diffuse through the semi permeable 

membrane with 20 kDa cut-off (e.g. CMA63®) according to their molecular mass of 1.14 kDa. 

Quantification of 1% at a concentration of 10 µg/mL would have resulted in concentrations of 

0.1 µg/mL, close to the LLOQ. Thus, collecting AFG molecules with a CMA63® catheter from an AFG-

containing medium was not feasible. HSA has a molecular mass of 66.5 kDa [107], hence the complex 

of AFG and HSA was assumed to have a molecular mass of 67.64 kDa. HSA-bound AFG was not able 

to diffuse through the membrane of the CMA63® catheter considering the higher molecular mass of 

the albumin-AFG complex compared to the membrane cut-off. In general, only analytes with a 

molecular mass of one-fourth of the membrane cut-off can diffuse freely through the semi 

permeable membrane [14]. Thus, the complex of AFG and HSA was not only too large to pass a 

membrane with a cut-off of 20 kDa, but also to pass freely one with a cut-off of a 100 kDa. Since the 

cut-off of the CMA71® membrane was larger than the AFG-HSA complex, it was expected that the 

complex was partially diffusing through the 100 kDa membrane.  

A possible reason for the increase of CAFG in µDialysate during recovery investigations over time was 

adsorption of AFG molecules to catheter material. Adsorption of AFG had been described previously 

[100] and had also been observed during the development of the bioanalytical HPLC method for AFG 

(see chapter 3.1.1). Addition of HSA (0.5%) during quantification sufficiently prevented adsorption. 

Here, binding of AFG to catheter material (PUR, PAES) was stronger compared to sample vial and tip 

material (PP). The addition of HSA did not have a significant effect on adsorption during µDialysis 

(see chapter 3.2.2). 

4.2.3 Ultrafiltration: Recovery investigation of anidulafungin with 

microdialysis catheters 

UF of perfusate through the semi permeable membrane into the medium caused a reduced volume 

in µDialysate. Potential explanations included the hydrostatic pressure of the pumping system on the 
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membrane combined with the relatively high molecular mass cut-off of 100 kDa [46]. Whereas, UF 

was not observed with 20 kDa cut-off catheters. Evaporation of fluid (e.g. RS, HSA, water) in the 

µDialysate could also be a reason. However, investigations on evaporation from µDialysate showed 

only negligible volume loss through evaporation. The osmotic pressure on the membrane caused by 

the surrounding medium and the pumps might influence fluid movement through a semi permeable 

membrane [46,108,109]. In general, semi permeable membranes with a cut-off of 100 kDa are 

associated with a fluid loss of at least 20% [110]. Assuming that the loss of perfusate through the 

membrane into the medium occurred without changes in analyte diffusion from medium into 

catheter, an adjustment of the resulting RR by the recovered smaller volume could be taken into 

account with respect to analyte concentration in µDialysate. Here, the corrected RR would be smaller 

than the calculated RR from µDialysate. There was no evidence so far about the use of volume 

correction on RR. Still, further research is required to overcome UF, which would be a beneficial 

improvement of µDialysis. Without UF the µDialysate volume could be increased and simultaneously 

sampling intervals shortened to ensure reliable bioanalytical quantification and a high concentration-

time profile resolution [111].  

A well-known approach to overcome UF is the addition of osmotic agents, such as large molecular 

mass dextran or albumin, to the perfusate [45,109,110,112–115]. The perfusate used in the 

previously described experiments already contained HSA and still, a fluid loss of up to 24.6% was 

observed (see chapter 3.2.3). Hence, dextran was added to the perfusate to further reduce fluid loss. 

The dextran containing perfusate led to a constant and higher recovery of µDialysate volume, with a 

volume loss of up to 9.51% (see chapter 3.2.4: an outlier had a volume loss up to 23.8%). Another 

hypothesis was that UF from perfusate to medium altered diffusion of the analyte from medium to 

µDialysate during recovery investigations. According to this hypothesis, the diffusion of analyte into 

µDialysate and ultimately RR would increase, if UF could be eliminated. RRmax values during the 

investigation with RS/HSA (0.5%) were 35.6% without volume correction and 27.9% with volume 

correction (see chapter 3.2.3). Higher results were achieved during the investigation with dextran 

added to RS/HSA (0.5%): RRmax was 44.5% without volume correction and 42.0% with volume 

correction (see chapter 3.2.4). The confidence intervals of estimated RRmax values obtained from 

investigations with and without dextran (without volume correction) were overlapping. The 

confidence intervals of estimated RRmax of the two investigations with volume correction were just 

not overlapping. Overall, the overlapping and almost overlapping confidence intervals indicated that 

there was no significant difference between the investigations and volume correction or no volume 

correction, and leading to the conclusion that the addition of dextran to perfusate overcame UF but 

did not improve the increasing RRmax values during recovery investigations. Since a sufficiently high 
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value for RR was crucial to perform in vivo µDialysis [45], only additives to the perfusate leading to 

higher and constant RR values should be used.  

Additionally, the time to reach 50% or 90% of RRmax was estimated. The investigation with RS/HSA 

(0.5%) containing perfusate had a tRR,50 of 81.7 min (=1 h 21.7 min), whereas the investigation with 

the dextran containing perfusate had a much longer tRR,50 of 183 min (=3 h 3 min). tRR,90 was 735 min 

(=12 h 15 min) and 1647 min (=27 h 27 min),respectively. These numbers give an impression of how 

long it would take to get an equilibrium of adsorption of AFG on catheter material until stable 

concentrations in medium could be measured. tRR,50 and tRR,90 of volume corrected RRmax showed 

similar results. 

In general, adding osmotic agents or substances in order to prevent unspecific binding to laboratory 

material, e.g. HSA, polysorbate (Tween®) [34], or (cyclic) dextran, introduces an additional bias due 

to a hindered diffusion. Furthermore, most of the additives have not been approved for in vivo 

application so far. The bias could be caused by an extra compartment, which would be created by 

“pulling” analytes from medium to perfusate. In the delivery setting, the extra compartment would 

lead to a decrease in diffusion of AFG from perfusate into medium. It can be recommended to use 

additives like dextran in cases if a higher µDialysate volume is needed e.g. for quantification 

purposes. For PK studies, only analytes, which could be demonstrated to be applicable with standard 

perfusate (e.g. RS) in in vitro µDialysis investigations, should be used. 

4.2.4 Influence of catheter pre-coating on the adsorption of 

anidulafungin: Catheter coating with caspofungin 

The successful pre-coating approach using CFG, performed by Traunmüller et al. [36], was the basis 

for the in vitro investigations with CFG as pre-coating substance for AFG recovery investigations. The 

pre-coating with CFG was assumed to block potential binding-sites before the recovery investigation 

started. The investigation performed by Traunmüller et al. was a pre-coating approach of 50 µg/mL 

CFG in perfusate of RS/HSA (1.0%) for 120 min in a medium of RS/HSA (1.0%) at a FR of 1 µL/min. In 

the work of Traunmüller et al., CFG was added to the perfusate and catheters were pre-coated, 

before the main investigation with CFG started. After pre-coating was finished, the recovery 

investigation with CFG-containing medium and CFG-free perfusate was performed. Without pre-

coating, RR increased from the start, but with prior pre-coating, RR values were constant over the 

whole investigation time and generally higher. µDialysate samples contained only negligible amounts 

of CFG after a wash-out phase of 30 min. In conclusion, CFG adsorbed irreversibly at the catheter 

material binding sites.  
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The pre-coating setting developed by Traunmüller et al. was applied for the pre-coating approach 

during this work, using a perfusate containing 50 µg/mL CFG in HSA with 2 h pre-coating before start 

of the investigation (see chapter 2.3.7.1). Different CFG concentrations in perfusate and medium 

during pre-coating were investigated as well as a prolonged pre-coating phase. To ensure blocking of 

AFG binding sites with CFG, the perfusate during recovery investigations also contained CFG. The 

investigations on pre-coating with CFG should show if RR values of AFG would be constant (no 

increase) and also higher than results of investigations without previous CFG pre-coating. 

Before the pre-coating approach with CFG was carried out, a potential PD effect of CFG at the target 

site had to be discussed. The potential diffusion of CFG during in vivo µDialysis from perfusate into 

the catheter-surrounding tissue and the effect of the drug at the target site is of minor clinical 

relevance: Since CFG is highly protein bound [64] and shows adsorption phenomena like AFG [36,43], 

it is unlikely that larger amounts of CFG diffuse unhindered through the membrane into medium. As 

it was not possible to quantify CFG with the bioanalytical assay for AFG (see chapter 3.1.1), it was not 

feasible to determine the concentrations of CFG in µDialysate and thus in the medium. Hence, any 

interference of CFG and AFG during quantification was excluded.  

During µDialysis investigations, a prolonged pre-coating time was performed, to ensure saturated 

adsorption of CFG to corresponding binding sites, which should result in high and constant RR values. 

RRmax values, estimated with the formula from the Langmuir adsorption isotherms (Eq. 2-6), did not 

support this hypothesis. The estimated RRmax of the investigation with 2 h pre-coating and 50 µg/mL 

CFG in perfusate (i) was 53.5%, RRmax of the investigation with 14 h pre-coating and 50 µg/mL CFG in 

perfusate (ii) was 41.2% and RRmax of the investigation with 15 h pre-coating and 200 µg/mL CFG in 

perfusate (iii) was 41.4%. These values for RRmax were higher compared to the estimated RRmax of 

35.6% from the investigation without pre-coating and without CFG in perfusate but RS/HSA (0.5%) in 

perfusate. These results would support the theory that pre-coating of catheters with CFG led to 

higher values for RRmax. In Fig. 3.2-15 it was shown that the observed RR values of the three catheters 

from investigation (i) and (ii) were very variable over time, which was also seen in the large 

confidence intervals of 23.2% to 83.7% of (i) and 16.7% to 66.0% of (ii). Whereas investigation (ii) and 

the investigation with RS/HSA (0.5%) in perfusate had only a narrow confidence interval from 39.0% 

to 43.3% and from 32.8% to 38.4%, respectively. Investigation (i) and (iii) should be repeated to 

investigate if these strategies lead to reproducible RR-time profiles and smaller confidence intervals. 

The confidence intervals of (ii) and the investigation with RS/HSA (0.5%) in perfusate were not 

overlapping but were so close together that a significant difference between these investiagtions was 

not considered. Additionally, with the CFG-pre-coating it was tried to achieve a shortening of the 

time to reach 50% and 90% of RRmax. The estimated tRR,50 of (i), (ii) and (iii) was 238 min (=3 h 58 min), 
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94.2 min (=1 h 34.2 min) and 140 min (=2 h 20 min) and overall higher than tRR,50 of 81.7 min (=1 h 

21.7 min) of the investigation with RS/HSA (0.5%) in perfusate. The same was true for tRR,90. 

Estimated values of tRR,90 were 2142 min (=35 h 42 min), 848 min (=14 h 8 min) and 1264 min (=21 h 

4 min) for (i), (ii) and (iii). Again, the tRR,90 value for the investigation with RS/HSA (0.5%) in perfsate 

was with 735 min (=12 h 15 min) much shorter. An explanation for the higher tRR,50 and tRR,90 of CFG 

containing perfusate, was the estimated higher RRmax taking into account that the increase of RR over 

time is the same. The theory that with a higher concentration of CFG in perfusate, higher RR values 

would be reached was disproved. The highest CFG concentration in perfusate of 200 µg/mL was not 

leading to the highest RRmax or the shortest tRR,50 or tRR,90. 

Hence, it was assumed that pre-coating with CFG, independent of perfusate concentration and pre-

coating time, did not lead to a significant improvement compared to the basic investigation with 

RS/HSA (0.5%) in perfusate. Neither shorter equilibration time until steady-state, nor higher RRmax 

values were reached. Ultimately, a constant and reproducible RR was not achieved by pre-coating 

with CFG. 

4.2.5 Influence of catheter pre-coating on the adsorption of 

anidulafungin: Catheter coating with anidulafungin  

The AFG concentrations in medium of 1 and 8 µg/mL were within the range of the minimum and 

maximum concentrations in plasma samples during steady-state [67]. The nominal concentration in 

the perfusate was 0.2 µg/mL AFG. A pre-coating concentration of 0.2 µg/mL should be small enough 

to allow detecting significant changes in µDialysate concentrations during recovery investigations. 

Additionally, the concentration should be above the LLOQ of 0.1 µg/mL to ensure quantification. The 

mean CAFG in perfusate for the three catheters during pre-coating and recovery investigation was, 

however, 0.393 µg/mL AFG for the investigation with 1 µg/mL in medium and 0.160 µg/mL AFG for 

the investigation with 8 µg/mL AFG in medium (Tab. 3.2-12). Perfusate for the two investigations was 

prepared separately. A bias caused by the independently prepared perfusate solutions could not be 

excluded. Potentially, the perfusate concentration had a greater influence on diffusion of AFG 

molecules from medium (1 µg/mL AFG) into perfusate (0.2 µg/mL). A medium with a CAFG of 8 µg/mL 

leads to a steeper concentration gradient compared to 1 µg/mL AFG, while smaller perfusate 

concentrations had negligible effects on diffusion. Hence, a higher flux and higher RR could be 

expected. Since adsorption of AFG to laboratory material was reversible (see chapter 3.2.1), a 

continuous perfusion of catheters with AFG-containing perfusate was recommended before and 

during the recovery investigation. 
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After the overnight pre-coating phase, CAFG was quantified in perfusate and µDialysate. The 

calculated rD of AFG of the investigation of 1 µg/mL AFG in medium ranged from 11.1% to 23.1% and 

of the investigation of 8 µg/mL AFG in medium calculated rD ranged from 47.1% to 55.0%. Results for 

rD of the investigation of 1 µg/mL AFG containing medium (Tab. 3.2-13) were closer to results of 

retrodialysis of AFG-free medium and 200 µg/mL AFG in perfusate of approximately 10% (Fig. 3.2-19) 

than to rD of the investigation of 8 µg/mL AFG in medium (Tab. 3.2-13). The delivered amount of AFG 

was much higher for the investigation of 8 µg/mL AFG in medium compared to 1 µg/mL AFG. A 

reason for the observation could be the lower AFG concentration in perfusate during pre-coating 

leading to a prolonged saturation time due to adsorption of AFG molecules on catheter material 

during the recovery investigation. An apparently high rD could have been caused by adsorption and 

not caused by diffusion through membrane. Additionally, it is very likely that only small amounts of 

AFG molecules were diffusing through the membrane into medium, resulting in higher 

concentrations in µDialysate for higher perfusate concentrations. 

For the investigations with AFG pre-coating, the perfusate concentration was included into the 

calculation of RR during recovery investigation (Eq. 2-7). Thus, the first sample of two catheters, in 

the setting of 1 µg/mL AFG in medium, showed negative results for RR (Tab. 3.2-14) which was 

caused by analytical accuracy combined with subtraction of CPerfusate from CµDialysate. The observed 

RRmax in the setting of 1 µg/mL AFG in medium was 113% and in the setting of 8 µg/mL AFG in 

medium it was 63.5% (Tab. 3.2-14). The estimated RRmax resulted in 105% and 84.2% (Tab. 3.2-15), 

respectively. RR values exceeding 100% are assumed to result from the AFG concentration in 

perfusate, which cannot be adequately removed from the total µDialysate concentration. Since AFG 

in the 1 µg/mL AFG investigation had a higher AFG concentration in perfusate and a smaller rD 

compared to the 8 µg/mL AFG investigation, an increased amount of AFG from perfusate was still 

found in µDialysate leading to RR values exceeding 100%. Confidence intervals of RRmax of the two 

investigations ranged from 85.8% to 125% for the investigation with 1 µg/mL AFG in medium and 

from 71.2% to 97.2% for the investigation with 8 µg/mL AFG in medium. Since confidence intervals 

were overlapping, there was no significant difference in the estimated RRmax values. The confidence 

interval of estimated RRmax from the investigation of RS/HSA (0.5%) in perfusate was not overlapping 

with the confidence intervals of RRmax of the AFG-pre-coated catheters, thus, leading to a significant 

difference between µDialysis with and without the pre-coating approach. An explanation for the 

significantly higher RRmax values of the investigation with AFG-pre-coated catheters could be the 

amount of AFG in µDialysate, which originated from perfusate and was not adequately removed 

from the total µDialysate concentration. Additionally, the time to reach 50% or 90% of RRmax should 

be shorter with the approach of pre-coating with AFG. In general, tRR,50 and tRR,90 of 1 µg/mL AFG in 

medium were 116 min (=1 h 56 min) and 1047 min (=17 h 27 min), respectively, and shorter than the 
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results for 8 µg/mL AFG in medium with 187 min (=3 h 7 min) and 1686 min (=28 h 6 min), 

respectively. Much shorter tRR,50 and tRR,90 values were estimated for the investigation with RS/HSA 

(0.5%) in perfusate with 81.7 min (=1 h 21.7 min) and 735 min (=12 h 15 min), respectively. Again, 

smaller RRmax values led to shorter tRR,50 and tRR,90. 

After all, no significant shortening of the time was achieved until RRmax was reached compared to 

other approaches without pre-coating with AFG. A stable RRmax could also not be guaranteed due to 

the insufficient removing of AFG concentrations in perfusate from the total µDialysate concentration. 

Hence, catheter pre-coating with AFG was no improvement to the investigation with RS/HSA (0.5%) 

as perfusate and the concentration-dependence of RR, which is a prerequisite for in vivo 

determination of AFG, was not met. 

4.2.6 Investigation of anidulafungin retrodialysis 

Retrodialysis is a calibration method, which is based on the theory that diffusion of a molecule is 

depending on the concentration gradient and therefore the flux caused by the gradient is equal on 

both sides of the semi permeable membrane: from medium to perfusate and from perfusate to 

medium [23]. Usually, to determine retrodialysis as calibration technique, clinically relevant analyte 

concentrations would be investigated. The investigation of retrodialysis was used to evaluate 

feasibility of this calibration method for an investigation under in vivo conditions in the dIVMS. A 

perfusate concentration of 200 µg/mL AFG was determined to build a concentration gradient from 

perfusate to medium while medium concentrations of AFG were much smaller or < LLOQ. In case of 

unknown ISF concentrations of AFG, the concentration of 200 µg/mL AFG would be high enough to 

be a minimum of 10-fold the medium concentration [14] (plasma steady state: Cmin of 1 µg/mL, Cmax 

of 8 µg/mL [67]). Two different settings were investigated, which covered the range of steady state 

plasma concentrations: AFG-free medium and 10 µg/mL AFG in medium (close to Cmax [67]). Samples 

were collected during three sampling intervals of 40 min each in both settings, equally to an in vivo 

retrodialysis scenario. Both investigations started with an equilibration phase of 15 min, first in AFG-

free medium and subsequent in 10 µg/mL AFG containing medium 2.3.8). 

CAFG during the investigation in AFG-free medium increased from 0 µg/mL to 0.153 µg/mL after 

120 min. Since CAFG in medium after 120 min had approximately the same concentration as the LLOQ 

(0.1 µg/mL, see chapter 3.1.2), the concentration was negligible and therefore not included in 

calculations. CAFG in the medium of 10 µg/mL did not change during the investigation. 

In µDialysate, CAFG was constant from 149 µg/mL to 222 µg/mL in both investigations with AFG-free 

medium and a medium containing 10 µg/mL AFG (see chapter 3.2.6). An exception was the first 

sample of AFG-free medium with 109 µg/mL AFG in µDialysate (Fig. 3.2-19). In AFG-free medium, 
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resulting values for rD were decreasing after the first sampling interval. Values during the first 

interval had a rD ranging from 19.8% to 50.8%. During the second and third interval, the minimum 

values for rD ranged between 9.82% and 10.3%. The high rD values during the first sampling interval 

did probably not arise from higher diffusion of AFG molecules through the semi permeable 

membrane, but from continuing adsorption processes on catheter material and diffusion. During the 

last two sampling intervals, adsorption and desorption were in steady state and only diffusion 

defined rD. Hence, after one sampling interval for equilibration the proportion of AFG molecules 

diffusing from perfusate into medium was 10%. During the investigation of 10 µg/mL AFG in medium, 

the values for rD were constant during the three sampling intervals. Here, rD ranged between -

0.205% and 9.42% (Tab. 3.2-17) (negative values due to analytical accuracy). Less molecules seemed 

to diffuse from perfusate to medium compared to the investigation in AFG-free medium (<10%). The 

increase of medium concentration from AFG-free to 10 µg/mL AFG was supposed to lead to a change 

in the concentration gradient. Still, the perfusate concentration was more than 10-fold higher, hence, 

an increase in AFG concentration in medium should not influence the concentration gradient.  

In contrast to previously performed recovery investigations of AFG (see chapter 3.2.2 - 3.2.5), the 

number of molecules diffusing from perfusate to medium was considerably smaller (≤10.3%, Tab. 

3.2-17) compared to the amount diffusing from medium to perfusate (≥18.2%, see chapter 3.2.2 - 

3.2.5).  

It can be concluded that retrodialysis as calibration method may not be recommended for the 

µDialysis of AFG. To confirm these results, further recovery and delivery settings with equal 

concentrations in perfusate and medium should be investigated. Besides, if retrodialysis with 

200 µg/mL AFG in perfusate should be applied in an in vivo setting, it requires a longer equilibration 

phase of at least one additional sampling interval (40 min) compared to the standard equilibration 

phase of 15-20 min. 

4.3 Voriconazole in the static in vitro microdialysis system 
Investigations of VOR in the sIVMS were performed prior to feasibility investigations in the dIVMS. 

Catheters were used for the preliminary investigations in the sIVMS and the feasibility investigations 

in the dIVMS, which had an earlier expiry date than the date of investigation (investigations 6-7 years 

later). In general, expiration only implies that sterility of catheters is not assured. These catheters 

were sufficient for the development stage of the dIVMS. It was assumed that catheters work equally 

in the static and dynamic setting. 

µDialysis investigations on VOR were performed previously by Simmel et al. [4,28]. A partial 

investigation of different flow rates, concentrations and retrodialysis was conducted in this work. The 
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sIVMS was used for the investigations of dependency of RR and rD on FR and concentration as well as 

under steady state conditions (retrodialysis). It was concluded by Simmel et al. that µDialysis of VOR 

was FR dependent (RR increased with decreasing FR) and concentration independent (RR was the 

same with different concentrations). Furthermore, a sufficient drug concentration in perfusate 

during retrodialysis was investigated by Simmel et al.. It was found that a CVOR of 100 µg/mL to 

200 µg/mL during in vitro retrodialysis was sufficient to neglect the influence of remaining VOR at the 

sampling site. The pharmaceutical formulation Vfend® was applied during retrodialysis in the in vivo 

study, since the analytical reference substance should not be used in vivo. Prior to the in vivo study, 

VOR analytical reference substance and the pharmaceutical formulation Vfend® were compared in in 

vitro µDialysis and resulted in similar RR values [28]. Hence, the possibility of substitution was 

regarded feasible during the previously performed investigation, thus the analytical reference 

substance was used during the present investigations. First, the dependence of RR and rD on FR was 

investigated to determine appropriate FR for the following investigations. Since flow rates from 0.4 

to 10 µL/min were previously investigated for CMA60® catheters [4], only flow rates of 1 and 

2 µL/min with the potentially highest RR and rD were investigated with the available CMA60® 

catheters. The mean RR of recovery and delivery investigations of 1 µL/min was 88.3% (CV: 7.56%; 

n=94) and for 2 µL/min 88.4% (CV: 6.87%; n=96). There were no significant differences between a FR 

of 1 and 2 µL/min (p=0.778, Wilcoxon-Mann-Whitney test). The mean RR and rD for the FR of 

1 µL/min was 87.1% (CV: 4.89%) and 90.2% (CV: 8.73%), respectively. The FR of 2 µL/min resulted in 

87.0% (CV: 4.44%) and 89.8% (CV: 8.31%), respectively. The results of recovery and delivery 

investigations showed a statistically significant difference. The results as mean RR of recovery 

investigations conducted by Simmel et al. [28] were 98.9% (CV: 0.30%) for 1 µL/min and 91.5% (CV: 

1.80%) for 2 µL/min. Obviously, there was a difference in RR between 1 and 2 µL/min. In contrast to 

previous results with a wider range of FR, present results showed no influence of FR on RR. RR was 

similar to previous results at a FR of 2 µL/min, but not for a FR of 1 µL/min. A potential reason for 

these different results compared to the previous findings [28] could be the age of the catheters 

(expiring date exceeded), possibly leading to an altered performance. The shaft, inlet and outlet 

tubings were made of PUR and the membrane of PAES. Catheters were sterilized by beta-radiation 

and had a shelf life of 2 years from the manufacturing date. No information about long-term stability 

of the catheter material could be found in literature. Sterility could be influenced after expiring, but a 

loss of stability of membranes and tubings was rather unexpected. However, results from µDialysis 

investigations in the dIVMS with aged CMA60® catheters with a FR of 2 µL/min resulted in an even 

higher rD of 95% and 97% during retrodialysis with 20 or 200 µg/mL VOR in perfusate (see chapter 

3.4.4). Additionally, deviations in RR could be due to analytical reasons, since the analytical precision 

of the between-day variability of QC samples (LLOQ: 0.15 µg/mL) was up to 9.32%. 
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The concentration independence of RR was investigated previously by Simmel et al. [28] over a 

concentration range between 1 and 50 µg/mL at a FR of 1.5 µL/min, concluding that RR and rD were 

independent of VOR concentrations. RR from recovery investigations ranged from 95.3% to 99.4% 

and from delivery investigations from 96.9% to 97.4% [28]. Since the investigations in the sIVMS 

served as prerequisite for the dynamic investigations, only a part of the previously investigated 

concentration range was conducted. Here, a range between 0.5 and 4 µg/mL VOR was investigated 

at a FR of 1 and 2 µL/min. Since the two flow rates resulted in similar RR values, RR values of both 

flow rates were merged for the single concentrations. Additionally, a concentration of 0.5 µg/mL was 

investigated to take early and late-phase concentrations of VOR below 1 µg/mL during dIVMS 

investigations into account. The results of recovery investigations were not significantly different and 

had an overall mean RR of 87.0% (CV: 4.65%), whereas the results observed in the delivery 

investigations showed significant differences between the different concentrations, which can be 

seen in Fig. 3.3-2, with an overall mean rD of 90.0% (CV: 8.48%). Here, results from recovery and 

delivery investigations were lower compared to results from Simmel et al. (see above). A potential 

reason might be adsorption of VOR molecules on catheter material, which was described by Araujo 

et al. [97], but this would also have influenced previous recovery investigations. The adsorption 

process of VOR described by Araujo et al. may only be partly applied to the present investigation. The 

adsorption process was found for VOR concentration between 0.5 µg/mL and 2.0 µg/mL in perfusate 

of CMA20® catheters (same catheter material, PAES and PUR, and cut-off as CMA60® catheters) by 

Araujo et al.. A more reasonable explanation is a flatter concentration gradient in combination with 

high FR of 1 µL/min and 2 µL/min had influenced the rD for low VOR concentrations. Overall, the 

consistent results from the recovery setting indicate that VOR has a concentration-independent 

recovery and hence, is a suitable drug for µDialysis investigations, as previously described by Simmel 

et al.. 

Retrodialysis investigations during steady state conditions were performed as a prerequisite for the 

subsequent mimicry of a concentration-time profile of VOR in the dIVMS. Hence, different perfusate 

concentrations were investigated with changing VOR concentrations in medium of the sIVMS 

(mimicking the potential concentrations of VOR in ISF before drug administration (VOR-free) and 

after recovery investigation (1 and 10 µg/mL VOR)). Combinations of 200 µg/mL VOR in perfusate 

with VOR-free, 1 µg/mL VOR and 10 µg/mL VOR containing medium resulted in mean rD values of 

92.5% to 96.4%. Only the rD of the setting with 10 µg/mL VOR in medium was significantly different 

compared to the two other settings. Still, rD values were in a comparable range as can be seen from 

Fig. 3.3-3. 20 µg/mL VOR in perfsuate resulted in mean rD values between 93.0% and 95.3% for VOR-

free and 1 µg/mL VOR containing medium. The combination of 20 µg/mL VOR in perfusate with 

10 µg/mL VOR in medium led to a rD of 54.7%. There was a statistically significant difference 
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between all three settings of 20 µg/mL VOR in perfusate. A flat concentration gradient between 

medium and perfusate would be the explanation for the significantly lower rD results of 20 µg/mL 

VOR in perfusate and 10 µg/mL VOR in medium as described above (delivery investigations from 0.5 

to 4 µg/mL VOR in perfusate). A similar result was obtained at a combination of 50 µg/mL VOR in 

perfusate and 10 µg/mL VOR in medium by Simmel et al. [28]. Here, a rD of 78.1% was calculated. 

The concentration gradient was less pronounced compared to combinations with larger differences 

in the analyte concentration between perfusate and medium. As previously described, the drug 

concentration in perfusate should be at least 10-fold higher than the concentration in medium or ISF 

[14], if retrodialysis is performed after the recovery investigation (lower concentrations may be used 

in perfusate during retrodialysis prior to the main recovery investigation). As described in chapter 

3.4.4, the results from retrodialysis investigations with the dIVMS had relative deliveries of 95% and 

97% with 20 µg/mL or 200 µg/mL VOR in perfusate, respectively. Comparing results of present 

sIVMS, sIVMS results by Simmel et al. (see above) and dIVMS investigations, it can be concluded that 

a higher perfusate concentration, above the previously investigated 0.5 µg/mL to 4.0 µg/mL, e.g. of 

20 µg/mL and 200 µg/mL, would increase the rD due to a steeper concentration gradient between 

medium and perfusate.  

After all, it is crucial to perform in vitro µDialysis and in particular retrodialysis prior to in vivo studies. 

The requirement to use retrodialysis as calibration method is that RR and rD of the analyte are the 

same and that the concentration of VOR in perfusate during retrodialysis should be sufficiently high 

(a minimum of 10-fold higher than the concentration in medium or ISF). Overall, this requirement 

was fulfilled for VOR in the specified settings. 

4.4 The dynamic in vitro microdialysis system 

4.4.1 Development of the dynamic in vitro microdialysis system 

With the established sIVMS [28], investigations of several antiinfectives and biomarkers were 

previously performed [4,45,116–119]. In order to continuously adapt drug concentrations for 

concentration-time profiles from in vivo data, the sIVMS, which was developed by Simmel et al. [28], 

had to be further developed to a dIVMS. The aim of the dIVMS was to mimic the changing drug 

concentrations over time without replacement of medium containers with different drug 

concentrations. The most important advantage was the mimicry of PK profiles for better prediction 

of µDialysis behaviour of the respective drug in vivo. In literature, an experimental dynamic in vitro 

infection model (dilution model) to investigate the PD effects of antibiotics against bacteria under 

physiological conditions was described by Löwdin et al. [120]. A comparable experimental flask 

model for bacteria was previously developed by Scheerans and Gloede et al. [121] and further 
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developed by Bartels and Goebgen et al. [122]. By now, no dynamic experimental models for 

µDialysis investigations have been found in literature.  

4.4.2 Validation of the dynamic in vitro microdialysis system 

The temperature in the glass flask of 37.3°C corresponded well with body temperature of 37°C [92]. 

The water bath ensured a constant temperature in the inner chamber of the flask after 10 min for at 

least 23 h. The digital and mercury thermometer showed similar results of 37.5°C and 38.0°C, 

respectively (see chapter 3.4.2). For following investigations, it would be sufficient to measure the 

temperature in the water bath due to the analogy of temperatures in water bath and glass flask. 

Previously, temperatures in dynamic systems were measured with digital thermometers [122]. 

Advantages of digital thermometers were their material robustness and harmlessness, due to their 

lack of mercury. Disadvantages were the regular change of batteries accompanied with precise 

temperature measurements with low batteries and previous calibration with only mercury 

thermometers. Still, a digital thermometer was utilised in the water bath during the following 

investigations. The stirring of medium was constant for the investigated settings, allowing 

homogenous distribution of the drug in the medium (see chapter 3.4.2). Tubings for in- and outflow 

of medium were made of PVC and plasticisers. The material gets more flexible with increasing 

temperatures. It can be assumed that with progressing rolling of tubings in the pump, tubing material 

became more flexible and therefore a larger volume of medium was pumped per time. Thus, the 

measured pump rates during the first hour after starting the pump were smaller compared to the 

pump rates measured from 5-6 h and 24-25 h (see chapter 3.4.2). It was required to roll new tubings 

in the pump until a constant PR after 5 h could be assured, which was in accordance to previously 

published results [123]. Additionally, earlier time points between 1 and 5 h should be investigated 

due to a potentially constant PR before 5 h. Finally, it can be concluded that a dIVMS was successfully 

developed and the performance of the described parameters was validated over 24 h. The validation 

procedure showed the potential of the dIVMS to perform in vitro µDialysis under physiological-like 

conditions considering the pharmacokinetics of the investigated drug. 

4.4.3 In silico simulation of pharmacokinetic profiles of antifungals 

In chapter 3.4.3.1, the two antifungal drugs VOR and AFG were investigated in the novel developed 

dIVMS. For VOR, one- and two-compartment models [124–127] and for AFG, two- and three-

compartment-models [58,67,125,128,129] are described in literature. Nevertheless, a one-

compartment-model promised the best applicability in the dIVMS. Here, the use of one pump for in- 

and out-flow at the same time and a constant PR was most important. Since a one-compartment-

model with i.v. bolus drug administration was assumed for both antifungals, the CL was equal to the 
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PR [121]. For testing routine, an i.v. bolus injection was chosen instead of administration routes like 

oral administration or i.v. infusions [28]. The calculated PR for VOR and AFG were pumped with 

tubings of the same inner diameter, which reduced technical efforts. The inner diameter of the 

tubing is crucial for the volume pumped through the tubing. For low pump rates, only tubings with a 

smaller inner diameter are applicable.  

Plasma data (total Cmax) of steady state samples [73] was used for simulations of the AFG 

concentration-time profile in vitro (Tab. 3.4-3), since ISF concentrations of AFG have not been 

determined until today. For VOR, PK simulations for in vitro investigations at steady state were based 

on plasma [80] and ISF data [28]. For plasma, an average Cmax and the PPB for VOR were given [80]. 

Drug concentrations in plasma were equal to total drug concentrations. Since in vitro investigations 

of VOR with the dIVMS were performed in protein-free medium, the unbound concentrations were 

determined based on total concentrations using the PPB (Eq. 2-9). Data of VOR in ISF was already 

given as maximum unbound concentration [28] and no further adjustments had to be made for the 

protein-free medium. For in vitro investigations of AFG, HSA was added to medium and perfusate 

fluid to prevent adsorption of drug molecules to laboratory material (sampling vial, tubings and 

membranes) [34]. Since bioanalytical quantification and µDialysis investigations of AFG were 

performed in HSA containing medium, also simulations of in vitro PK profiles were based on total Cmax 

in plasma (Tab. 3.4-3). All concentration-time profiles were simulated in silico and the profiles of VOR 

over 24 h resembled a first-order kinetic in a one-compartment model (Fig. 3.4-6 and Fig. 3.4-7). 

Because of its long elimination half-life (20.8 h [73]), the AFG PK profile had a linear profile during the 

first 6 h of investigation (Fig. 3.4-5). 

4.4.4 In vitro mimicry of pharmacokinetic profiles of antifungals 

Observed in vitro concentrations in medium over time were compared to the corresponding in silico 

simulated concentration-time profiles (Fig. 3.4-8 - Fig. 3.4-11). The in silico concentration-time profile 

was based on Cobs of AFG or VOR in the injection solution of the syringe.  

To describe the variability of the analyte concentration in medium, the variability, expressed as CV 

(%), of the pump in the dIVMS and of the bioanalytical method (precision of QC samples) of the 

respective analyte, was plotted around the in silico calculated concentration-time profiles of VOR and 

AFG. The variability of AFG and VOR concentrations in medium was presented as CV of the pump in 

the dIVMS of 4.50%. The CV was derived from 4.38%, which was the precision of the pump after an 

equilibration time of 5-6 h (Tab. 3.4-2). For easier presentation, 4.38% was rounded up to 4.50%. 

Another factor to express variability was the maximum precision of QC samples of the bioanalytical 
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methods of AFG and VOR, respectively. AFG had a CV of 8.00% (Tab. 3.1-2) and VOR of 9.32%, which 

was rounded up to 9.50% (Tab. 3.1-3). 

The observed VOR concentrations and the in silico calculated concentrations showed similar profiles. 

The observed concentrations based on in silico data from Theuretzbacher et al. [80], as well as the 

observed concentrations based on ISF data analysed by Simmel et al. [28], were not completely 

within the variability (plotted as ribbons) of the pump and the bioanalytical method. A similar pattern 

was found for AFG, which was based on plasma data from Crandon et al. [73]. Observed and in silico 

calculated concentrations had a similar profile but only a few of the observed concentrations were 

within the variability range of pump and bioanalytical method. Since the dIVMS was newly invented, 

there were no acceptance criteria for the observed concentration-time profiles in literature. Here it 

was demonstrated that the pump and the bioanalytical method could have an impact but these two 

variables can not fully explain the variability of observed medium concentrations in the dIVMS from 

in silico calculated concentrations. Other factors influencing the observed concentrations were e.g. 

the temperature insight the flask or unsteady volume of medium in the flask (i.a. decrease of volume 

through medium sampling) or unbalanced stirring of medium. Finally, to get a better idea of the 

actual variability of the medium concentration in the flask, more investigations of the same PK 

profiles should be performed.  

4.4.5 In vitro microdialysis investigations of antifungals with the 

dynamic in vitro microdialysis system 

Initially, a proof-of-concept and feasibility investigation using the model drugs VOR and AFG was 

performed in the dIVMS. The investigations were conducted to determine whether retrodialysis as 

calibration method for VOR and AFG results in the true medium concentrations. To evaluate the 

robustness of the calibration method, two approaches with perfusate concentrations of 20 and 

200 µg/mL were explored for VOR (see chapter 3.4.4). 

Initial investigations were based on i.v. bolus administration, although both model drugs, VOR and 

AFG, are not administered as i.v. bolus injections in clinical routine. The concentration-time profiles 

represent drug exposure at the target site after distribution of drug molecules into the 

compartments. AFG [67] and VOR [130] are both administered as i.v. infusions and VOR additionally 

as oral formulation [130]. Additionally to the i.v. bolus administration of the drug, the elimination 

from one compartment (the glass flask) was chosen for the following investigations. Pump rates were 

determined by adjusting the speed of the pump until the required volume was pumped. This was 

conducted by weighing the sampling vials before and after the sampling interval. The resulting PR 

depended on the diameter of the tubing, the temperature and the time length of the previous usage 
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of the tubing (Fig. 3.4-4). Since calibration of PR was not possible during the running investigation, 

the PR was not changed after start of investigation. 

4.4.5.1 Voriconazole and anidulafungin in the medium of the dynamic in vitro 

microdialysis system 

For VOR and AFG, concentrations of in vitro i.v. bolus injection solution of the two investigations 

were different from the nominal concentration. Hence, the observed concentrations of VOR and AFG 

in the i.v. injection solution were used to calculate the in silico concentration-time profiles.  

In chapter 3.4.4 the observed VOR medium concentrations of both investigations were well within 

the variability range plotted around the in silico concentrations. Meaning that the variability of 

concentrations could be described by the variability of the pump or the bioanalytical method. In 

contrast, the observed medium concentrations of VOR were not fully explained by the variability of 

pump or bioanalytical method (see previous chapter 4.4.4). A described in chapter 4.4.4, more 

investigations on medium concentrations over time in the dIVMS should be performed. 

The observed medium concentrations of AFG were not within the variability ranges of the pump and 

the bioanalytical method, but the concentration-time profile showed decrease over time a similar to 

the in silico concentrations of AFG. The higher variability of observed AFG concentrations in medium 

could be explained by the adsorption of AFG on laboratory equipment (glass flask, tubings) as 

previously described (chapter 4.2). Especially, since the observed AFG concentrations were much 

lower than the calculated concentrations, demonstrating a decrease of concentration. Whilst the 

concentration-time profiles were equivalent in their orientation, the here observed concentration-

time profile was acceptable for the following investigations. 

4.4.5.2 Retrodialysis of voriconazole and anidulafungin 

Several pre-investigations of retrodialysis as calibration method for VOR were performed with the 

sIVMS (chapter 3.3). Here, it was confirmed that for VOR the behaviour of molecules was the same 

when comparing recovery and delivery (see chapter 3.3.1 and 3.3.2), which is a requirement for 

performing retrodialysis. Hence, it was possible to use retrodialysis as calibration method for 

µDialysis investigations in the dIVMS with VOR. During retrodialysis, VOR concentrations in perfusate 

were decreasing during 30 min (Tab. 3.4-5 and Fig. 3.4-14), but the concentration differences were 

only negligible and assumed to be based on bioanalytical variability. Resulting RR ranged from 94.6% 

to 95.7% for (i) and from 96.6% to 97.2% for (ii). The RR results were constant over time and 

comparable to results from sIVMS, demonstrating that retrodialysis is a suitable calibration 

technique for the dIVMS. 
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AFG concentrations in perfusate were more variable after 120 min compared to the start of 

retrodialysis (Tab. 3.4-7 and Fig. 3.4-17). A decrease of concentration in perfusate might be explained 

by adsorption of molecules to plastic surfaces [100]. The increase of AFG concentration could either 

be caused by instable PPB or by adsorbed AFG molecules on dIVMS material (glass flask, tubing), 

which were desorbing over time (see chapter 3.2.1). Values for RR were decreasing from the first and 

second sampling interval and were constant after the third interval of retrodialysis. The RR was 

derived from rD of AFG in µDialysate, hence, a decreasing RR would result from an increasing rD. 

Usually, an increasing rD would be based on an increase of diffusing molecules from perfusate to 

medium. Here, a plausible explanation was that the molecules did not diffuse into medium, but that 

molecules were adsorbing to catheter material. The decrease of RR during the first sampling interval 

could be interpreted as adsorption of AFG to surfaces and the constant RR during the second and 

third interval by the saturation of surfaces with AFG. 

4.4.5.3 Comparison of observed and calculated medium concentrations of 

voriconazole and anidulafungin 

Based on VOR concentrations in µDialysate and the respective RR per catheter, medium 

concentrations were calculated (Eq. 1-4) and compared to the observed VOR medium 

concentrations. The calculated VOR medium concentrations from µDialysate after the first sampling 

interval for (i) and (ii) were smaller compared to the observed medium concentration (Fig. 3.4-15). 

Hence, it can be concluded that a prolonged equilibration time after injection of the drug is needed 

to reach reasonable µDialysate concentrations after the first sampling interval of a minimum of 

15 min.  

Although calibration was performed with different VOR concentrations (both concentrations were 

10-fold higher than the concentration in medium) for the two investigations, the RR from 

retrodialysis of both investigations was similar. Hence, both investigational settings resulted in 

medium concentrations, which were calculated from µDialysate, partly located within the variability 

ranges of the pump and the bioanalytical method around the observed medium concentrations. 

Calculated VOR concentrations not within the variability ranges could be explained by the higher 

variability of the handmade catheters used in µDialysate investiagtions [14]. It can be concluded that 

retrodialysis as calibration method for VOR was able to give a close approximation of “target site” 

concentrations in medium of the dIVMS. 

Resulting AFG concentrations in medium calculated from µDialysate concentrations did not 

correspond to the concentrations observed in medium (Fig. 3.4-19). Regarding the medium 

concentrations calculated from the µDialysis data and RR, the resulting concentration-time profile 
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was not matching with the profile of observed concentrations in medium (Fig. 3.4-19). AFG 

concentrations were increasing for four hours after start of recovery investigation until a steady-state 

like profile was reached. After volume correction, the calculated concentrations from µDialysate data 

during the steady-state like profile (after 4 h) were matching the observed concentrations in medium 

(Fig. 3.4-20). The implementation of volume correction of RR with the recovered sample volume in 

µDialysate is not approved for the calculation of in vivo ISF concentrations. It might be concluded 

that due to the volume loss through the 100 kDa cut-off membrane, an increase in drug 

concentration in µDialysate takes place due to less volume in samples. During the investigations 

performed in the current thesis, no references about the inclusion of volume correction in 

calculations were found in literature. Longer investigation times would be required to make a 

statement about the orientation of the concentration-time profile of calculated medium 

concentrations (by µDialysate) during steady-state. Other calibration methods were not 

recommended for a better outcome of AFG µDialysis investigations. Due to the potential adsorption 

of AFG molecules on catheter material, also calibration techniques based on FR, concentrations or 

reference substances would not lead to unbiased values without sufficiently long equilibration times 

of at least 3-4 h. 
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5 Conclusion and perspectives 

Until now, it was not possible to perform in vitro microdialysis investigations in a system enabling 

adjustable concentration-time profiles of the respective analyte. With the dynamic in vitro 

microdialysis system developed during the present thesis, a novel link between static in vitro 

investigations and in vivo clinical studies was established.  

Prior to the start of in vitro microdialysis investigations, the bioanalytical HPLC quantification 

methods for anidulafungin and voriconazole were successfully developed, technically feasible for in 

vitro samples with minimal sample volumes of 20-40 µL. The lower limit of quantification for 

anidulafungin was 0.1 µg/mL and for voriconazole 0.15 µg/mL, i.e. low enough to quantify most of 

the in vitro microdialysis samples from the static and dynamic microdialysis investigations. However, 

mass spectrometers (e.g. LC-MS/MS) may be used to quantify even concentrations below LLOQ of 

anidulafungin and voriconazole in the nanogram range from in vivo studies.  

Anidulafungin was first characterised with the static in vitro microdialysis system. These static 

investigations came to the conclusion that an in vivo microdialysis study would be only 

recommended with a sufficiently long equilibration time of at least 180 min (3 h) at steady state at 

the target site. Results from this project demonstrate that anidulafungin reversibly adsorbs on 

catheter material, which produces a bias on microdialysate concentrations and thus on the 

calculated drug concentrations at the target site. The use of additives in perfusate or pre-coating of 

catheters with caspofungin or anidulafungin was not able to prevent adsorption or reduce the 

equilibration time significantly. Hence, the basic experimental setup with a perfusate composition of 

Ringer’s solution and human serum albumin was preferred for in vitro as well as in vivo microdialysis. 

With this analysis of anidulafungin in the static in vitro microdialysis system, a systematic 

investigation of different methods to handle adsorption of the analyte to the catheter material was 

performed. New knowledge was not only gained for anidulafungin, but also for other adsorbing 

compounds like other echinocandins (e.g. caspofungin). In the future, other types of catheter 

materials such as hard polyurethane, polyimide and fluorinated ethylene propylene should be 

investigated to prevent adsorption of sticky analytes, thus enhancing clinical application and 

ultimately allowing for more precise microdialysis results. 

Furthermore, voriconazole was investigated with the static in vitro microdialysis system resulting in 

overall high and stable values for relative recovery. Since voriconazole had also a concentration-

independent recovery additionally to the high and stable values for relative recovery, it was 

concluded that voriconazole could be used as a model drug for the following experiments with the 

dynamic microdialysis system. In the current work, relative recovery was not dependent on the two 
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investigated flow rates of 1 µL/min and 2 µL/min during investigations with the static system, which 

was not in accordance with previously established results of Simmel et al. [28]. Varying pore sizes in 

catheter membranes and the usage of catheters from aged, i.e. altered, material could explain the 

differing results. To rule out this bias, dynamic microdialysis investigations were performed with the 

same catheters as for static investigations. Further investigations with voriconazole in the static 

system are recommended with expired and new catheters to gain important knowledge about aging 

of catheter material and thus the usability of expired catheters in vitro. 

The behaviour of analytes is most often different in vitro compared to in vivo studies. This is 

especially the case for microdialysis. In vitro microdialysis is an indispensable tool to characterise 

analytes prior to the clinical studies. Still, there is a clear distinction and in vitro results from static 

experiments may not be transferred to in vivo. Hence, the usage of a dynamic model for 

microdialysis, which mimics a concentration-time profile of the analyte, contributes to narrowing this 

distinction. The experimental dynamic model was developed and successfully validated to mimic 

concentration-time profiles under physiological conditions. A pilot investigation was conducted with 

the aim to describe the suitability of retrodialysis as calibration technique by comparing the observed 

with the by microdialysis determined medium concentration over time. Voriconazole and 

anidulafungin were individually investigated in the dynamic in vitro microdialysis system with 

changing medium concentrations over time and subsequent retrodialysis. Voriconazole 

concentrations in medium resulting from microdialysate samples were in good agreement with the 

actual concentrations in medium, whereas this was not the case for anidulafungin. While the 

observed anidulafungin concentrations in medium decreased, the (measured) microdialysis 

concentrations increased over time. The overall conclusion of the dynamic in vitro experiments with 

anidulafungin was, that in vivo concentration-time profiles of anidulafungin determined by 

microdialysis, would not display the true concentrations at the target site. This result is consistent 

with previous results from the static model, showing that microdialysis of anidulafungin is only 

possible under certain circumstances, including steady state conditions. In contrast, for voriconazole 

it was concluded that in vitro studies are useful to determine in vivo characteristics and settings. This 

was already shown in the literature, that in vitro feasibility studies of voriconazole [4] led to 

successful clinical studies [28,90]. 

Future research in the field of dynamic microdialysis should focus on the implementation of the 

dynamic system in in vitro routine investigations of analytes. To even better reflect physiological 

conditions within the dynamic system, tissue imitations like medium consisting of collagen, skin or fat 

should be explored. Additionally, a combination with the dynamic infectious disease model is 

conceivable, which is used to investigate in vitro the effect of changing drug concentrations on 
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bacteria over time [123,131]. The combination of the two experimental models would enable the 

simultaneous investigation of PK and PD of various drugs and pathogens (e.g. bacteria, fungi) with 

microdialysis. An interesting and important question to answer with such a combined model, is how 

the usage of high drug concentrations in perfusate during retrodialysis effects PD at target site.  

This work clearly demonstrated that experimental in vitro models are of indispensable importance. 

Right now, we are not at the point where in vitro investigations may replace in vivo studies in 

general, but the gap between in vitro and in vivo is getting smaller due to sophisticated physiological 

experimental systems, their unremitting usage and further development. 
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8 Appendix 

 

Fig 8-1: Anidulafungin concentrations in medium of CMA63® I (squares) and II (circles), and CMA71® I (triangles) and II 
(diamonds) catheters during 90 min investigated time. 

 

 

 

 

Fig 8-2: Anidulafungin (AFG) concentration in perfusate (n=9 per catheter) of recovery investigation from 1 µg/mL AFG 
medium and pre-coating with AFG during the investigated time: catheter 1 (blue circles), catheter 2 (green triangles) and 
catheter 3 (black triangles), taken in 80 min intervals. 
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Fig 8-3: Anidulafungin (AFG) concentration in perfusate (from microsyringe) of recovery investigation from 8 µg/mL AFG 
medium and pre-coating with AFG during the recovery investigation of 480 min (8 h). Samples (n=9 per catheter) from 
perfusate of catheter 1 (green squares), catheter 2 (orange circles) and catheter 3 (purple triangles) were taken in 80 min 
intervals. 

 

 

 

 

 

Fig 8-4: Observed Anidulafungin (AFG) concentration in microdialysate (n=14 per catheter) during pre-coating and the 
investigation with 1 µg/mL AFG in medium during the investigated time. Samples from catheter 1 (green squares), 
catheter 2 (orange circles) and catheter 3 (violet triangles) were taken in 40 min intervals. 
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Fig 8-5: Observed Anidulafungin (AFG) concentration in µDialysate samples during pre-coating and the recovery 
investigation with 8 µg/mL AFG in medium for 480 min (8 h). Samples from catheter 1 (green squares), catheter 2 (orange 
circles) and catheter 3 (violet triangles) were taken in 40 min intervals. 

 

Tab 8-1: Mean relative recovery (RR) of catheter 1, 2 and 3, standard deviation (SD) and coefficient of variation (CV) for 
microdialysis recovery investigations of different voriconazole concentrations (CVOR: 0.5, 1.5, 3 and 4 µg/mL) and flow rates 
(FR: 1, 2 µL/min) (n=4 per catheter). 

CVOR [µg/mL] FR [µL/min] Mean RR, % SD [%] CV, % 

0.5 1 85.9 6.48 7.54 

0.5 2 89.3 3.43 3.84 

1.5 1 87.3 3.46 3.96 

1.5 2 87.5 3.84 4.39 

3 1 86.2 3.47 4.03 

3 2 85.3 4.34 5.09 

4 1 88.9 2.44 2.75 

4 2 85.9 2.82 3.28 
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Tab 8-2: Mean relative delivery (rD) of catheter 1, 2 and 3, standard deviation (SD) and coefficient of variation (CV) for 
microdialysis delivery investigations of different voriconazole concentrations (CVOR: 0.5, 1.5, 3 and 4 µg/mL) and flow rates 
(FR: 1, 2 µL/min) (n=3-4 per catheter). 

CVOR [µg/mL] FR [µL/min] Mean rD, % SD [%] CV, % 

0.5 1 77.9 2.56 3.28 

0.5 2 78.0 2.87 3.68 

1.5 1 91.2 1.30 1.42 

1.5 2 90.4 2.69 2.97 

3 1 96.1 1.51 1.57 

3 2 95.2 1.02 1.08 

4 1 94.2 7.04 7.48 

4 2 95.5 1.60 1.67 
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Tab 8-3: Individual mean relative delivery (rD) and corresponding coefficient of variation (CV) per catheter during 
retrodialysis of voriconazole (VOR) for perfusate (20 or 200 µg/mL) and medium (VOR-free, 1 or 10 µg/mL). 

Catheter CVOR in perfusate CVOR in medium Mean rD, % (n=3) CV, % (n=3) 

     

1 20 1 93.0 0.139 

2 20 1 93.3 0.211 

3 20 1 92.7 0.497 

     

1 20 10 54.0 4.13 

2 20 10 55.5 0.947 

3 20 10 54.8 2.85 

     

1 200 1 97.2 0.555 

2 200 1 97.7 0.325 

3 200 1 94.2 0.704 

     

1 200 10 93.7 0.0972 

2 200 10 92.7 0.750 

3 200 10 91.2 0.978 

     

1 20 - 95.0 0.535 

2 20 - 97.1 0.247 

3 20 - 94.0 0.615 

     

1 200 - 95.8 0.895 

2 200 - 97.4 0.239 

3 200 - 95.0 0.389 
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Fig 8-6: Voriconazole (VOR) concentration in perfusate during retrodialysis of microdialysis investigation in the dynamic in 
vitro microdialysis system with 20 µg/mL VOR (left (i)) and 200 µg/mL VOR (right (ii)) in perfusate. Catheter 1: squares; 
catheter 2: circles; catheter 3: triangles. 

 

 

Fig 8-7: Anidulafungin (AFG) concentration in perfusate during retrodialysis from 0 to 120 min of microdialysis investigation 
in the dynamic in vitro microdialysis system with 200 µg/mL AFG in perfusate. Catheter 1: squares; catheter 2: circles; 
catheter 3: triangles.  
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Fig 8-8: Accuracy (RE, %) of recovered to nominal volume in microdialysate samples of anidulafungin during recovery and 
retrodialysis investigation in the dIVMS. Catheter 1 (squares); catheter 2 (circles), catheter 3 (triangles). 
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