‘/\> Max Planck Institute for ﬁ HELMHOLTZ
i‘ : Biophysical Chemistry ‘ CENTRE FOR

INFECTION RESEARCH ()

: U HANK pvz’

Center of

<] A n ) -
Braunschweig Phrsesutical Enginesring

Graduate Program
,Processing of poorly soluble drugs at
small scale” (u-Props)

Coordinators

Prof. Dr. rer. nat. Heike Bunjes Prof. Dr. rer. nat. Andreas Dietzel
Technische Universitat Braunschweig Technische Universitat Braunschweig
Institut fGr pharmazeutische Technologie  Institut fir Mikrotechnik
Mendelssohnstralde 1 Langer Kamp 8

38106 Braunschweig 38106 Braunschweig

Funded by

Niedersachsisches Ministerium
fur Wissenschaft und Kultur

a ~\ Boehringer
CE I”ll Ingelheim

ﬁ HELMHOLTZ

CENTRE FOR
INFECTION RESEARCH



Technische Universitat Braunschweig
Center of Pharmaceutical Engineering

Table of Contents

1 Cluster 1 — Chemical Synthesis and Downstream Processing 3
1.1 Developing metal-NHC complexes for pharmaceutical applications 3
1.2  2-Substituted indole-3-carbonitriles as new inhibitors of the protein kinase DYRK1A 6
1.3  Predicting the solubility of drug candidates 9
1.4  Model based analysis of stability and robustness of continuous production of pharmaceutical

ingredients 12
1.5 Reactor design, reaction monitoring and Scale-Up for the continuous synthesis of poorly

soluble API 15
1.6  Continuous Synthesis, Isolation and Purification of poorly soluble Protein Kinase Inhibitors 18

2 Cluster 2 — Biotechnological Production and Downstream Processing 21
2.1 Tailor-made production of labyrinthopeptin with Actinomadura namibiensis 21
2.2 Biochemical investigation of hyperforin-related prenyltransferases in S. cerevisiae 23
2.3 Production of benzylglucosinolate in carrot callus suspension cultures 26
2.4  Discovery and development of drugs from fungal and bacterial sources 28

3 Cluster 3 — Micro-Precipitation for the preparation of nanoparticulate drug delivery

systems 33
3.1 Processing of nanoparticles out of poorly water-soluble drugs by precipitation and drying using
microsystems 33
3.2 Formulation and preparation of colloidal carrier systems for poorly soluble drugs by
precipitation 36
3.3  Precipitation in micro systems 39
3.4  Microdevices for nanoparticle separation and analysis 41
4 Cluster 4 — Crossing niological barriers by means of nanoscale formulations 43
4.1 Development and evaluation of nanoscale delivery systems to the brain — a microfluidic
approach of a co-culture model of the blood-brain barrier (BBB) 43
4.2  Alternatives to in-vivo testing: Micro manufactured organ-on-chip systems 46
4.3 Plasma-induced modification of the dermal drug absorption 48




Technische Universitat Braunschweig
Center of Pharmaceutical Engineering

1 Cluster 1 — Chemical Synthesis and Downstream Processing

1.1 Developing metal-NHC complexes for pharmaceutical applications

Jessica Wolker (IMPC), Prof. Dr. Ingo Ott (IMPC); Project 1A

INTRODUCTION
N-heterocyclic carbene (NHC) metal compounds, especially the “Arduengo-type” metal complexes,
have besides their important role in catalysis, recently started to play an important role as new possible
anticancer agents. Although the most extensively investigated derivatives of this class of compounds
contain gold(l) and silver(l) metal ions, rhodium(l) NHC complexes with 1,5-cyclooctadiene (COD), a
halido ligand and pseudo halido ligand (X, Figure, left) have also shown a high potential for antitumor
drug development.[1,2] Complexes of the type Rh(I)(NHC)(COD)CI trigger antiproliferative effects
against MCF-7, MDA-MB 231 (human breast adenocarcinoma) and HT-29 (colon carcinoma) cells and
inhibit the enzyme thioredoxin reductase (TrxR)[1,2], which is overexpressed in tumor cells. Rhodium
complexes were also proven to interact with DNA.[3,4]
Figure 1 shows newly synthesized rhodium-based complexes with a benzimidazole backbone or a
halogen-containing phenylimidazole backbone.
Cytotoxicity, cellular uptake and solubility studies of the new complexes with variations in the X ligand
and the backbone will provide new insights on the structure activity relationships (SARs).
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Figure 1: new series of rhodium(l) NHC complexes. left: Rh(I)(NHC)(COD)X with benzimidazole backbone; right:
Rh(I)(NHC)(COD)X with phenylimidazole backbone.

RESULTS

To synthesize the N-heterocyclic carbene (NHC) metal compounds the reaction starts with the alkylation
of the corresponding imidazole with iodomethane or iodoethane. To obtain the hexafluorophosphate
imidazolium ion, an anion exchange of the imidazioliumiodide in methanole with KPF6 was necessary.
This was just essential to form the S-thiocyanato-rhodium complexes. To receive the NHC-rhodium-
complexes a metalation with silver-(1)-oxide and a following transmetalation with the corresponding
goldchloride or rhodium(1,5-cyclooctadiene)dimer was performed. In Scheme 1 these steps are shown
in an overview.

R R

3 3
R4 N R ,\j @ Metalation/ R4 ,\j
Alkylation 1 N
I \> 7 I \> X@ Transmetalation I M=), n=13
R H Rs N\ R N\
Rs Rs
R;=R,=Benz R1 =R, = Benz; R4 =R, = Benz; Rz = Et; M = Au(l);
Ry=Ph;R,=H Rz = Met/Et, X =1, PFq L=CI/ NHC
Ry{=p-F-Ph; R, =H R;=Ph; R, = H; R4 = R, = Benz; Rz = Met; M = Rh(l);
R3 = Met/Et; X = |, PFg L=COD + I/Br/I/SCN
R4 = p-F-Ph; R, = H; R4 = Ph; R, = H; R3 = Met/Et; M = Rh(l);
R3 = Met/Et; X = |, PFg L=COD +CI/Br/I/SCN

R, = p-F-Ph; R, = H; R3 = Met/Et; M = Rh(l);
Scheme 1: Overview of the synthesis of the NHC-metal-complexes.
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All products were purified either by crystallization or chromatography on silica gel to get a very good
purity for biological tests (antiproliferative assay, uptake-studies) and stability tests.

Our results in the stability tests showed that the NHC-gold-complex 6 shows an exceptional chemical
stability in aqueous and polar environment at physiological temperature over several days. In highly
apolar medium (chloroform) it undergoes some decomposition after extended periods (> 24 h).
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.

6
Figure 2: Test compound 6 ([Di-(1,3-diethylbenzimidazol-2-ylidene)]gold(l) iodide), which was tested in stability experiments.

The antiproliferative assay showed in case of the NHC-rhodium-complexes that all synthesized
complexes were antitumoractive in the micromolar range, whereas the metal free precursors were
inactive. An increase of activity was achieved by changing the benzimidazole against a phenylimidazole
backbone. Complexes 2a-d and 3a-d showed the most promising results with slightly higher activities
due to ethyl side chains on the NHC nitrogens. They will be chosen for ongoing tests regarding the
exploration of the structure-activity relationships (SARs).
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1.2  2-Substituted indole-3-carbonitriles as new inhibitors of the protein kinase
DYRK1A

Rosanna Meine (IMPC), Prof. Conrad Kunick (IMPC); Project 1B

INTRODUCTION

Because its overexpression is associated with mental retardation in people with Down syndrome and
with the development of Alzheimer’s disease, the protein kinase DYRK1A represents an interesting
target for the development of new inhibitors. [1] FALKE identified 11H-indolo[3,2-c]quinoline-6-
carboxylic acids as potent inhibitors of DYRKA with KuFal194 (1) as the most potent and selective
derivative. However, due to the large aromatic system this compound is very lipophilic, nearly insoluble
in water and therefore not suitable for the potential use as a drug. [2] The aim of this work was to
develop new DYRK1A inhibitors with improved solubility related to KuFal194 (1). By downsizing the ring
system of KuFal194 the fragment 2a was created which showed improved physicochemical properties.

HOOC
=N CN
l N N
H H
I cl
KuFal194 (1) 2a
IC5o DYRK1A = 6 nM IC5, DYRK1A = 3300 nM
logP =4.22 logP = 2.53
Skin., pH 7.4 = 2-28 UM Skin, pH7.4= 116 UM

RESULTS
Docking studies revealed a potential binding mode in the ATP binding pocket of DYRK1A that led to
possible modifications of the fragment 2a (Figure 1). The halogen substituent at position 7 forms a
water mediated halogen bond to the hinge region and the nitrile group interacts with the conserved
Lys188. Both structural elements are essential for the orientation within the host protein and were not
changed.

Figure 1: Possible binding mode of fragment 2a (orange) in the ATP binding site of DYRK1A (blue, PDB: 4YLJ).

By replacing the 7-chloro substituent with other halogens and introducing further substituents at
positions 1 and 2 of the indole, new derivatives with improved potency were synthesized and structure
activity relationships of the indole-3-carbonitriles were analyzed. New synthesis routes were developed
based on three different methods for the introduction of the nitrile group at position 3 of the indole core.
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For inhibition of DYRK1A activity a 7-iodo substituent was beneficial due to the water mediated halogen
bond. An unsubstituted NH group was essential and in analogy to 1 an unsubstituted phenyl residue at
position 2 led to the most potent inhibitors with 2b repre-senting the derivative with the strongest
DYRK1A inhibitory activity (IC50 = 10 nM). This compound also inhibited DYRK1A-mediated
phosphorylation of SF3B1 in HelLa cells with submicromolar potency (IC50 = 320 nM). All compounds
exhibited poor selectivity with comparable activity against the related kinases DYRK1B and CLK1.

CN CN CN
CIO<0) \_/
N N N N
H H H
| | |

2b 2c 2d

ICso DYRK1A = 10 nM IC5, DYRKIA = 70 nM IC5, DYRK1A = 80 nM

logP =4.42 logP =4.37 logP = 3.89
Sin., pH 7.4 = 457 UM Skin., pH7.4= 16.2 UM Skin., pH 7.4 = 10.0 UM

The physicochemical properties were evaluated by measuring the thermodynamic and kine—tic
solubility and by calculating the logP value. Compared to 1, 2b displayed neither reduced lipophilicity
nor improved solubility. By replacing the 2-phenyl substituent of 2b with pyridin-3-yl (2d) or cyclopentyl
residues (2c) the logP value was decreased and solubility was improved while the DYRK1A activity was
only slightly diminished. Because of double digit nanomolar activity (IC50 = 70 nM) and a high fraction
of saturated carbon atoms, especially 2c represents a promising structure for further optimisation of
indole-3-carbonitriles as DYRK1A inhibitors with improved solubility.
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1.3  Predicting the solubility of drug candidates
Andreas Mecklenfeld (IfT), PD Dr.-Ing. Gabriele Raabe (IfT); Project 1C

INTRODUCTION

The knowledge of suitable solvents can greatly benefit the development of active pharma-ceutical
ingredients. Molecular simulations can be interpreted as computer experiments to complement
laboratory experiments. They not only enable the calculation of thermophysical properties [1] but also
provide a detailed insight into a systems behavior on the molecular level (Fig. 1).

Relative solubilities can be estimated by computing the solvation free energies AGsolv of so-lutes in
various solvents. The calculation of AGsolv is computational expensive, and commonly used workflows
may result in ineffective simulation implementations or a lack of statistical precision of the results. On
the other hand, the agreement between AGsolv results obtained from simulation and experiment can
differ significantly, depending on the molecular model used to describe the solute and solvent
compounds.

The goals of this project are
- the development of methods for improved statistical precision and reduced computational effort
for the calculation of AGsolv
- acomparison of different molecular models to describe the solute-solvents interactions
- the adaptation of molecular models to improve their predictive capability with regard to solubility
prediction of drug-like molecules.

Figure 1: Snapshot from molecular simulation of acetylsalicylic acid (Aspirin) dissolved in water

RESULTS

We developed algorithms that allow for predefined statistical precisions and reduced computational cost
for free energy calculations. These algorithms can be easily adapted to any free energy calculation
workflow [2]. We found a strong correlation between the statistical variance and the AGsolv-specific
simulation parameter vector A that is used for scaling the inter-molecular solute/solvent interactions.
Implemented into Python, our iterative method adapts the elements of vector A. Simultaneously, the
length of vector A and by this the simulation effort is adjusted for the individual task. As both the
statistical variances and the simulation effort can be significantly decreased, our algorithms make
AGsolv simulations more applicable. At the same time, the agreement between simulation and
experimental results is unaffected.
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We have identified the determination of partial charges for the description of Coulomb inter-actions as a
major impact factor on the AGsolv simulation results. Common molecular models use fixed charges,
which can’t consider polarization effects due to the change of the chemical environment caused by the
dissolution of the solute. We studied the IPolQ-Mod [3] method for an implicit representation of
polarization costs and found a good compatibility with the General Amber Force Field (GAFF) [4] model
[5]. Applying IPolQ-Mod partial charges to add physical details to the model, we furthermore targeted
solvation free energies for a variety of chemical classes for solutes and various solvents in a refitting
process of selected model parameters. Our present refitting results demonstrate significantly improved
agreements in AGsolv, with average deviations coming close to experimental uncertainties. An accurate
description of solute/solvent interactions is an essential basis for future liquid phase simulation studies,
e.g. of lipid dispersions used as carrier systems for poorly water-soluble compounds.
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1.4 Model based analysis of stability and robustness of continuous production of
pharmaceutical ingredients

Xiangzhong Xie (InES), Prof. Ulrike Krewer (InES); Project 1D

INTRODUCTION

The stringent competition in pharmaceutical manufacturing industries necessitates the requirement of
more efficient and reliable production processes. Mathematical models for upstream and downstream
processes have attracted increased attention during the last decade. Moreover, model-based design
tools, e.g., sensitivity and process analysis, can be implemented to provide a better understanding of
the underlying principles, and model-based process design improves the quality and yield of products.
However, the existence of model and parameter uncertainties might lead to suboptimal solutions or
operating failures which are not acceptable from an economy and safety perspective. Therefore, it is
necessary to perform research which: 1) gives connections between process system engineering tools
and pharmaceutical processes, and 2) quantitatively address and alleviate the influence of
uncertainties. In this project, we successfully combined process system engineering concepts with
methods for uncertainty quantification for various pharmaceutical relevant processes. Moreover, our
proposed framework guarantees efficient and robust model-based results. In Fig.1 we summarized the
hierarchical structure of our model-based framework.

et 1] Point estimate method, polynominal chacs expansion
Robustification pow P
Sensitivity analysis, dynamic optimization, optimal
Model-based tools experimental design
. .. Reaction, separation and formulation
First-principle models

Figure 1: Structure of our model-based design framework.

RESULTS
In this section, we briefly summarize the achievements from the last three years. For all details
regarding the implementation and results, we refer to the references listed below.

Sensitivity analysis

Global sensitivity analysis is used to provide quantitative measures of parameter uncertainties on
process performances. Two global sensitivity measures, i.e., Sobol" indices and moment-independent
sensitivities, are used in our studies. Here, the polynomial chaos expansion (PCE) is used to calculate
the sensitivities as PCE is much more efficient than the traditional sample-based Monte Carlo
simulations. Moreover, the significance of parameter correlations has also been addressed in our work.
Sensitivity analysis has been implemented in [2], [4], [5], [7] and [8].

Optimal experimental design (OED)

Experiments are conducted to provide data for parameter estimation and model validation. Optimal
experimental design optimizes the experimental conditions so that we can obtain maximum information
and precise models with least experiment runs. Few but well-designed experiments are of vital
importance in the field of pharmaceutical manufacturing as educts are limited and expensive.

12
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Conventional OED strategies need reference parameter values in advance to compute local sensitivity.
Practically, the lack of precise reference parameter values and system nonlinearities might lead to
suboptimal design. In our work, we combined global parameter sensitivities with optimal experimental
design to include uncertainties in the reference parameter values and to consider nonlinear effects
adequately. Moreover, an efficient point estimate method (PEM) is used to alleviate the computational
burden for global sensitivity analysis. The novel OED concept has been successfully applied in two
case studies of pharmaceutical / (bio)chemical relevance [6].

Robust optimization

Pharmaceutical processes are optimized to achieve their best performance, i.e., high quality and
productivity at low costs. However, parameter uncertainties might lead to suboptimal or even safety-
critical model-based designs. Thus, it is necessary to design processes with the consideration of
parameter uncertainties. In our work, we proposed an efficient and practical framework for robust
optimization of pharmaceutical processes. The robustification concept has been successfully
implemented for upstream and downstream processes as demonstrated in [2], [3], [4], [9] and [10].
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1.5 Reactor design, reaction monitoring and Scale-Up for the continuous synthesis
of poorly soluble API

Tobias Sauk (ICTV), Prof. Dr.-Ing. Stephan Scholl (ICTV); Project 1E

INTRODUCTION

In this project the continuous heterogeneous synthesis of selected diazolium salts (1,3-diethyl-1H-
benzo[d]imidazol-3-ium iodide, 1,3-dimethyl-1H-benzo[d]imidazol-3-ium iodide and 1,3-diethyl-1H-
benzo[d]imidazol-3-ium bromide) as precursors for metalorganic synthesis was successfully performed.
In metalorganic synthesis the precursors act as ligands such as for the synthesis of gold-, rhodium- or
silver-NHC-complexes [1, 2]. The precursors themselves originate from 1H-benzimidazole or other
diazoles or derivatives by N-alkylation with various alkyl halides (e.g. methylene iodide, ethylene iodide,
ethylene bromide) in the presence of a base (e.g. potassium carbonate).

' 3
Acetonitril
@) r2 %+ ko0, —Aoctonie, @ N4 KX+ KHCO,
N N\+X'
R

R = Methylene, Ethylene, etc.
X=1,Br

Figure 1: Reaction scheme of the synthesis of diazolium salts

RESULTS

As first step, the synthesis was transferred from round bottom flasks to a process automate and
optimized in combination with an upscaling from 10 mL to 50 mL. The initial synthesis was performed
under reflux conditions in acetonitrile. For optimization both, reaction monitoring (by HPLC
measurements) as well as the control of process parameters (temperature, mixing), resulted in high
yields (>90 %) as well as high purity (>98 %) and simultaneously in a decrease in overall process time.

Antisolvents

Reagents —» ' Antisolvent

Synthesis [ Filtration o —» Filtration —» Product
crystallization

: :

Waste Contaminants & Solvents

Solvent —

Figure 2: Block flow chart for synthesis and down-stream processing of various diazolium salts

The decrease of reaction time for instance for the methylation of 1H-Benzimidazole from 24 hto 3 his a
direct result of the adjusted parameters such as intense mixing, controlled temperature of 70 °C and
high surface area of the solid base by using fine-grained potassium carbonate powder. In order to
achieve high yield in both, synthesis and down-stream processing, and therefore maximize overall
process yield, a complete revision of the down-stream-process was performed. The initial extraction of
the product from a dried synthesis solution and filtration by silica gels was replaced by an antisolvent
crystallization (mixture of hexane and ethylene acetate) as well as two filtration steps. Results indicate
the feasibility of the synthesis and down-stream process for the presented as well as similar diazolium
salts, whereas only small adjustments are needed due to differences in solubility of the precursors in
the solvents.
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Figure 3: Process flow chart for the continuous N-Alkylation of diazoles

Based on studies of the solubility and in particular the reaction kinetics a continuous synthesis was
developed. This is performed at 7 bar and temperatures of up to 150°C in an electrically heated fixed
bed reactor filled with ground potassium carbonate to ensure a high surface area. Diazole and
alkylating agent are prepared each as a separate solution of a specific concentration and fed by a
HPLC-Pump. The solutions are mixed before entering the fixed bed reactor. Results indicate that the
heterogeneous N-alkylation of diazoles can be performed in a continuous manner. Optimization is still
required to ensure a high purity since elevated temperatures of 130°C lead to impurities. The impurities
are assumed to occur due to decomposition of the alkyl halides. Furthermore investigations regarding
alternative basic catalysts for heterogeneous synthesis are yet to be performed since Potassium
carbonate takes an active role in the synthesis and decomposes to carbon dioxide and water resulting
in a degradation of the fixed bed over time. This might result in fluctuation in conversion rates and
residence time.
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1.6  Continuous Synthesis, Isolation and Purification of poorly soluble Protein
Kinase Inhibitors

Moritz C. Rehbein (ICTV), Prof. Dr.-Ing. Stephan Scholl (ICTV); Project 1F

INTRODUCTION

Various potential APIs are derived from the structural class of Paullones [1,2]. The synthesis route of
substituted Paullones is displayed in Figure 1. After an amide coupling reaction of A and ethyl succinyl
chloride (i), resulting molecule 1 undergoes a Dieckmann-ester-condensation (ii) to yield 2. 2 is
subsequently dealkoxycarbonylated at elevated temperatures (iii) according to Krapcho [3] to form the
scaffold 3 [4]. Coupling 3 with different substituted phenyl hydrazines via Fischer Indole Synthesis (iv)

yields substituted Paullones.

_NH
HN 2

C02C2H5
Oy @1 CQT >
CO,C,H5g CO,C,H5

A

Figure 1: 5-step route for the synthesis of substituted Paullones

Paullones, but also their precursors are generally poorly water soluble which exhibits special challenges
in synthesis and downstream processing. The presented project aims at the optimization and
characterization of the synthesis process and subsequently on the development of a continuous flow
synthesis. Special emphasis is given to the reaction kinetics and the selection of a suitable solvent.

RESULTS

After initial optimization of the synthesis route in batch mode towards reduced processing times, higher
yield and purity, the establishment of continuous synthesis processes for reaction iii and iv has been
targeted since these are the key steps for the formation of Paullones.

Sampling

BPR offline
6.9 bar | HPLC

Reactant @

HPLC pump o Cooler
0.1to 5 mUmin \M/ T=25°C subsequent
. DSP
Coil-reactor
L=25m
Waste di=0.001m Waste Product

T=145t0 200 °C
Figure 2: Reactor setup for the continuous high temperature synthesis of pharmaceutically relevant scaffold 3,4-dihydro-1H-1-
benzazepine-2,5-dione (3)

Krapcho Dealkoxycarbonylation

Figure 2 shows a continuous process concept for the fast and effective dealkoxycarbonylation of
reactant 2. The reactor design is based on batch kinetic data [5], and is able to operate under increased
pressure and temperature compared to common batch lab equipment. The impact of process
intensification using the continuous reactor at higher temperatures was predicted by extrapolation of the
batch kinetics to higher temperatures. It could be proven by continuous synthesis experiments, that
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reaction time can be significantly reduced from 3 h in batch at 150 °C to under 3 min at 200 °C in the
continuous reactor.

In addition, different aprotic-polar solvents were rated towards their ability to serve as reaction medium.
The rating was performed by simulation of the maximum reactant throughput possible. Simulations are
based on solubility data for reactant 2 and the reaction rate achievable in the respective solvent. High
boiling solvents DMSO, DMF and DMAc exhibit the best performance, which is an order of magnitude
higher than that of low boiling aprotic-polar solvents, mainly due to the better solubility but also because
of the higher reaction rate.

Fischer Indole (FI) Synthesis of Paullones

For the lab synthesis of Paullones via Fl-synthesis, liquid acids like H2SO4 are utilized as catalysts.
The usage of liquid acids shows drawbacks such as corrosiveness towards equipment, an additional
neutralization step in the DSP and non-recyclability of the acid. In order to design a continuous process
different solid or immobilized acids were investigated in batch experiments regarding their ability to
catalyze the FI reaction. Amberlyst 15 H+ and Silica-AICI3 were found to enable the formation of
Paullone with high conversion rates and reaction times between 5 to 45 minutes in batch mode. A
continuous reactor system was designed in which the solid catalyst acts as packing material in a
continuous column reactor, enabling the flow synthesis of Paullones. Further investigation focus on the
possibility for a serial, continuous synthesis process in which two flow reactions, Krapcho- and the FI-
reaction, are coupled without intermediate isolation to provide different Paullones in a fast and efficient
manner.
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2 Cluster 2 — Biotechnological Production and Downstream Processing

2.1 Tailor-made production of labyrinthopeptin with Actinomadura namibiensis

Sebastian Tesche (ibvt), Prof. Rainer Krull (ibvt); Project 2A

INTRODUCTION

Due to their ability to produce a wide variety of bioactive substances, many filamentous microorganisms
are of great interest to the industry. Several process parameters like mechanical stress by stirrer- and
pneumatical-induced power input, dissolved oxygen, pH value, cultivation medium composition,
osmolality, addition of (micro)particles and inoculum concentration influence the morphology and the
productivity of these organisms [1]. Filamentous actinobacteria are of special interest for the
development of new anti-infectives, because they do not only produce antibiotics but also a large
number of other bioactive secondary metabolites. The strain Actinomadura namibiensis was chosen for
cultivation studies with the objective to increase the productivity of labyrinthopeptin, a promising anti-
infective secondary metabolite [2].

Figure 1: Culture of A. namibiensis on an agar plate.

RESULTS

The aim of the project is to increase the labyrinthopeptin productivity of A. namibiensis by influencing
the morphology of the cells. Various cultivation strategies such as MPEC (micro particle enhanced
cultivation) and SIEC (salt induced enhanced cultivation) are used to tailor the morphology. Automated
image analysis and rheological measurements should be used to quantify the composition of the
biomass during the cultivation process with different additives. To search for key parameters associated
with high product concentration shaking flask experiments are performed. Subsequently, a scale-up to
lab-scale bioreactors is carried out. In addition, a robust and scalable downstream processing will be
developed to provide the target product labyrinthopeptin in larger quantities and high purity.
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2.2  Biochemical investigation of hyperforin-related prenyltransferases in
Saccharomyces cerevisiae

Marco Grull (IPB), Prof. Ludger Beerhues (IPB); Project 2B

INTRODUCTION

Hypericum perforatum (Fig. 1), also known as St. John’s wort, is commonly used for the treatment of
patients suffering from mild to moderate depression. It contains a number of pharmaceutically
interesting constituents, with hyperforin (Fig. 2) identified as the major compound. Hyperforin is a
hydrophobic as well as light, oxygen and temperature sensitive acylphloroglucinol derivative with
several side chains derived from dimethylallylpyrophosphate (DMAPP) and geranylpyrophosphate
(GPP) as MEP pathway products [1]. The biosynthetic pathway is not yet completely understood. As
proposed, the biosynthesis of hyperforin starts with the formation of the core skeleton, PIBP
(phlorisobutyrophenone), catalyzed by a type lll polyketide synthase (2). Subsequent decoration of
PIBP with prenyl and geranyl side chains is catalyzed by aromatic membrane-bound prenyltransferase
(PT) enzymes (3, 4) [2]. The aim of this project was to characterize the enzymes and to transfer their
coding sequences to S. cerevisiae.

Figure 1: Flowers of Hypericum perforatum

RESULTS

The first step is the biosynthesis of the hyperforin core skeleton PIBP, which is absent from yeast.
Therefore, cDNAs encoding IBCL (1) and IBS (2) were cloned from H. perforatum, heterologously
expressed in E. coli and functionally characterized. In S. cerevisiae harboring either episomal or
genome-integrated HpIBCL and HpIBS, feeding isobutyric acid resulted in intracellular and extracellular
detection of PIBP. Similarly, a PT named HpPT2 (3) was identified to prefer PIBP and GPP as major
substrates. A second PT named HpPT6 (4) catalyzed the addition of a prenyl group from DMAPP to the
HpPT2 product.

Both PT enzymes were further characterized regarding their preferred in vitro assay conditions,
substrate specificities and kinetic parameters. For HpPT2, GPP as well as PIBP and 2-MBP were the
preferred substrates among the acylphloroglucinol derivatives tested, using Tris buffer pH 7 - 8, MgCI2
as divalent cation and 40 °C as incubation temperature for 10 min. The kinetic parameters were
determined for PIBP and 2-MBP as well as GPP. HpPT6 mainly used 3-geranyl-X derivatives (X = PIVP,
2-MBP and PIBP) and DMAPP as substrates. The presence of CaCl2 in Tris buffer pH 8 - 9 and 50 °C
for 10 min were identified to be the preferred assay conditions and were used to determine the kinetic
parameters for the 3-geranyl-X derivatives and DMAPP.
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Figure 2: Enzyme cascade functionally expressed in S. cerevisiae and tested under in vivo and/or in vitro conditions

Our findings show that H. perforatum derived cDNAs encoding hyperforin biosynthetic enzymes can be
functionally expressed in S. cerevisiae. A cascade consisting of four consecutive enzymes was
identified and functionally expressed in yeast, enabling the generation of a hyperforin precursor
molecule, i.e. 3-geranyl-5-prenyl-PIBP. This system may be a chassis for further research to complete
(5) the hyperforin biosynthesis pathway in yeast, with a focus on the membrane-bound
prenyltransferases.
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2.3  Production of benzylglucosinolate in carrot callus suspension cultures

Elena Kurzbach (IPB), Prof. Dr. Ute Wittstock (IPB); Project 2C

INTRODUCTION

Glucosinolates are sulfur- and nitrogen-containing secondary metabolites found mainly in the plant
order Brassicales. They contribute to the taste and flavour of common crucifer vegetables for example
broccoli, cabbage and horseradish. Upon tissue disruption, glucosinolates degrade to isothiocyanates
which serve as defence compounds against herbivores. In contrast to insects, humans benefit from the
ingested glucosinolates due to the antimicrobial, antiviral, immuno-stimulative and anticarcinogenic
effects of the isothiocyanates. There is a strong interest in obtaining individual glucosinolates and
isothiocyanates for further pharmacological characterization. The structural diversity of the
glucosinolates complicates the pure extraction from cruciferous plant material. Production of individual
glucosinolates in a heterologous host represents an interesting alternative. Earlier studies proved the
feasibility of engineering microbial hosts and plants for aliphatic, indolic and benzylic glucosinolate
production [1,2,3,4]. In this study, we aimed at testing the suitability of transgenic callus suspension
cultures of carrot (Daucus carota, Apiacae) as a scalable production platform for plant natural products
using the simple glucosinolate benzylglucosinolate as a model compound. Its seven-step biosynthesis
from phenylalanine requires transfer of six genes.

Agrobacterium tumefaciens-
mediated transformation

us]
2l
So‘?y
©
2
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Figure 1: Multigene engineering in carrot, D. carota, to produce benzylglucosinolate naturally occurring in Brassicales. Carrot
suspension cultures were transformed with two polycistronic constructs [1, 2] for expression of a total of six genes from
Arabidopsis thaliana (thale cress) required for biosynthesis of benzylglucosinolate in a heterologous host.

RESULTS

The genes were transferred into carrot suspension cultures via Agrobacterium-mediated transformation
with two polycistronic constructs [4,5] and positive clones selected based on resistance markers were
further characterised (Fig. 1). Transformations yielded 255 putative transgenic clones. Viable clones
were selected, and 79 clones were screened for benzylglucosinolate by HPLC-MS. The analysis
identified sixteen clones as benzylglucosinolate producers. This provided proof-of-concept for
generation of a benzylic glucosinolate in a non-cruciferous, scalable plant system. The five clones with
highest benzylglucosinolate production were chosen for further characterisation and yield optimisation.
This showed that individual clones differed largely with respect to growth, yield, accumulation of
desulfoglucosinolate as an intermediate, and stimulation of production by sulfate supplementation.
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2.4  Discovery and development of drugs from fungal and bacterial sources

Zelika Rupcic (HZl), Prof. Dr. Marc Stadler (HZI); Project 2D

INTRODUCTION

Confronted by the increasing number of drug candidates and the growing number of molecular targets
relevant in human therapy, the Pharma industry needs to deliberate screening concepts and well-
established strategies in an effort to maximize the efficiency in natural product based drug discovery.
The screening process itself is often complex and requires the bioassay-guided isolation of active
compounds, their structure elucidation and biological characterization.

A careful planning and development of methods and technologies that are essential to accelerate
exploratory projects and preclinical development of drug candidates based on natural products is in the
scope of the work presented herein, targeting the core objectives in discovery and development of new
anti-infectives. These objectives includes, for instance, selection of potentially new compounds with
novel bioactivities, structure-activity relationship around the core structure, optimization of downstream
processing at large scale and formulation development. The ultimate aim was to evaluate parameters
for different natural product classes from the different biogenetic origins and organism groups, in order
to develop a general workflow.

RESULTS

The aims of the project can be divided into three parts, following the workflow in the natural product
based drug discovery. The first part deals with an early stage compound discovery (l), the second is
oriented towards determination of structure-activity relationships and hit-to-lead evaluation of selected
compounds (ll) while the third part covers the area of an early preclinical development (l11).

In the scope of this work, both, fungal and bacterial secondary metabolites were evaluated, a
downstream process for their purification was developed, and the strategy for the isolation of their
secondary metabolites in a high purity was established.

() Six new compounds, thailanones A-F (1-6) and two known compounds, monocerin and
deoxyphomalone (7-8) (Fig. 1) were obtained from cultures of Pseudobambusicola thailandica, a new
species that represents a new genus, isolated from plant material in Thailand. The strain was chosen
for further evaluation based on its nematicidal activity in the water agar plate assay. Secondary
metabolites obtained from its culture were characterized as weak antihelminthics, and weak antifungal
agents against Mucor plumbeus and Phellinus tremulae.

(II) Furthermore, two new erinacine derivatives, erinacine Z1 and Z2 (9-10), along with six previously
identified cyathane diterpenoid derivatives (11-16), were isolated from Hericium sp. and studied for
neurotrophic activity (Fig. 2). Additionally, three new corallocins A-C (17-19), together with hericerin (20)
and [5-(2E)-3',7'-dimethyl-2',6'"-octadienyl]-4-hydroxy-6-methoxy-1-isoindoline (21) were isolated from
the fruiting bodies of H. coralloides (Fig. 3).

(1) The production of labyrinthopeptins in a stirring tank was established. As well, an effective method
for the 1.2 and 4.2-fold increased amounts of the labyrinthopeptins A1 and A2 (structures not shown),
respectively, obtained from the culture of the actinobacterium Actinomadura namibiensis, was
developed.

Thailanone A (1) and thailanone D (4) showed moderate activity against B. subtillis and M. plumbeus,
respectively. On the other hand, deoxyphomalone (8), known derivative structurally similar to thailanone
A (1), was found to be active against B. subtilis and M. plumbeus.
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Figure 2: Chemical structures of erinacines Z1 (9) and Z2 (10), erinacine A, B, C, E, CJ 14.258 and erinacine F (11-16)
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Figure 3: Chemical structures of corallocins A-C (17-19), hericerin (20) and [5-(2E)-3',7"-dimethyl-2’',6'-octadienyl]-4-hydroxy-6-
methoxy-1-isoindoline (21)

Since thailanones did not show strong nematicidal properties, the fungal strain itself can play an
important chemo-ecological role in its natural habitat, e.g. protect against nematode predation. The
restrictions of the current nematicides, because of their environmental, toxicological, or even
sociological concerns, have prompted so called integrated pest management (IPM) development,
where the soil-born plant pathogens are controlled non-chemically, by antagonistic microorganism.
However, the alternative would be to test isolated compounds against other species of nematodes, for
instance plant-parasitic nematode Meloidogyne incognita.

Regarding secondary metabolites from Hericium spp., they were tested for their neurotrophin inducing
effects. For this purpose, immortalized PC12 cells derived from rat adrenal medullary tumor
(pheochromocytoma) cells were used. Since Zhang et al. [1] reported that PC12 cells were not able to
produce NGF themselves, human 1321N1 astrocytoma cells have to be used in addition.

Erinacines A (11), B (12), E (14), CJ14.258 (15) and Z1 (9) were found to act on 1321N1 cells by
increasing the transcription of NGF, while erinacine C (13) increased transcription of both neurothophins
as it was the case with corallocin C. However, erinacine Z2 (10) and erinacine E (14) did not show any
significant activity. Corallocin A (17) and B (18) act on 1321N1 cells differently by increasing
transcription of either NGF or BDNF, respectively. The mechanism on how neurotrophins, like NGF, are
acting is still not quite clear although there are several publications indicating the possible patterns [1].
Since erinacine C, as well as other cyathane diterpenoids, are non-water soluble, choosing the suitable
solvation system was of critical importance. To accomplish the latter, subsequent formulation
experiments were conducted at the Institute of Pharmaceutical Technology (TU Braunschweig). Due to
the low amount of the targeted substance, erinacine B was chosen as a model compound for
preliminary experiments since it was a major accessible compound.

Since of their interesting, dual activity, labyrinthopetins have high probability to become a lead
compounds in the drug development. Labyrinthopeptin A2 was found to be active in vivo in a spared
nerve injury mouse model of neuropathic pain [2], while labyrinthopeptin A1 exhibited a broad antiviral
activity.
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Yields for both peptides were successfully increased, a 1.2-fold and 4.2-fold for A1 and A2, respectively.
Titers of ca. 106 mg/L and 165 mg/L of 22 and 23, respectively, were obtained at 672 hours of the
fermentation. However, a concurrent extensive process optimization is being conducted. The
optimization can roughly be divided in the optimization of fermentation conditions (e.g. the production
medium, a seed culture, and a time of the fermentation), downstream processing (bigger columns for
the purification), or process parameters optimization, for instance design of the bioreactor and the
stirrer, and the alteration of the stirring speed.
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3 Cluster 3 — Micro-Precipitation for the preparation of nanoparticulate drug
delivery systems

3.1  Processing of nanoparticles out of poorly water-soluble drugs by precipitation
and drying using microsystems

Sebastian Melzig (iPAT), Prof. Dr.-Ing. Arno Kwade (iPAT); Project 3A

INTRODUCTION

It is estimated that nearly 90 % of newly developed active pharmaceutical ingredients (API) are poorly
water-soluble and tend to show low bioavailability. Because of that, it is necessary to establish suitable
galenic methods which increase bioavailability of these APIs. The production of API nanoparticles is a
common method to enhance bioavailability of such APIls. Dissolution behavior of these APIs can be
improved, as a direct consequence of increasing specific particle surface area. There are two general
approaches to prepare API nanoparticles: top-down (e.g. milling) and bottom-up (e.g. precipitation). In
particular, precipitation is of special interest for pharmaceutical industries because of the possibility to
produce amorphous nanoparticles and the potential for continuous processing via microsystems.
Furthermore, precipitation processes allow the avoidance of wear caused by milling media. API
nanoparticles produced via precipitation commonly need to be transferred into dry powders to ensure
long-term stability and to produce drug products with defined and appropriate properties for patients’
needs.

Within this context, this project focused on investigating precipitation processes of APl nanoparticles
using a high-pressure microsystem. Furthermore, drying of APl nanosuspensions was likewise under
study with the aim of obtaining defined pharmaceutical powders with enhanced bioavailability through
variation of matrix materials. The ultimate goal was to be able to process these drug-loaded powders in
order to obtain pharmaceutical tablets and capsules (Fig. 1).

Defined and improved drug release to enhance bioavailability

Figure 1: Process chain and the aim of project 3A

RESULTS

At the beginning of the project, a precipitation process was established using a high-pressure
microsystem in order to synthesize API nanoparticles. In this context, fenofibrate and ibuprofen served
as model drugs which both exhibit poor solubility. Fenofibrate nanoparticles were produced via classic
antisolvent precipitation whereas a new precipitation method called “antisolvent melt precipitation”
(AMP) was developed to synthesize ibuprofen nanoparticles. It was possible to manipulate the product
properties (e.g. size, polydispersity and stability) by variation of process parameters (e.g. pressures and

33



Technische Universitat Braunschweig
Center of Pharmaceutical Engineering

temperature) and formulation parameters (e.g. drug content and stabilizer to drug ratio). This enabled
the entire control of the synthesis in order to produce API nanoparticles with defined mean sizes in the
range from 80 nm to 750 nm. The next process step was the transfer of the suspensions into a defined
pharmaceutical powder via spray drying. Different matrix materials were used to produce granules with
various release kinetics. On the one hand, soluble matrix materials (e.g. sugars and polymers) and, on
the other hand, particulate matrix materials (e.g. silica nanoparticles) were chosen to design these
granules. Additionally, a micro spray dryer was developed in close cooperation with the Institute of
Microtechnology (IMT), TU Braunschweig, in order to engineer a selective device for the early stage
development of specific pharmaceutical granules. Flow rates lower than 50 pl/min enables the
reproducible production of granules and, by that, the screening of diverse formulations with a very low
consumption of starting materials. The last process step transfers these previously manufactured
granules, containing APl nanoparticles, into solid dosage forms (tablets and capsules). The influence of
the different granules and various pharmaceutical excipients on product properties (e.g. dissolution rate
and mechanical properties) was investigated in order to design pharmaceutics with defined and
improved drug release. To sum up, the established process chain, from the synthesis of API
nanoparticles to the production of solid dosage forms, was successfully applied and facilitates highly
defined control of product properties by process and formulation design.
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3.2 Formulation and preparation of colloidal carrier systems for poorly soluble drugs
by precipitation

Juliane Riewe (IPhT), Prof. Heike Bunjes (IPhT); Project 3B

INTRODUCTION

Many newly developed drugs lack sufficient water solubility. One option to formulate poorly soluble
drugs is loading the drug into colloidal carriers like mixed micelles, liposomes or lipid nanoparticles.
Although commonly produced by high pressure homogenization, precipitation out of water-miscible
solvents is a further method to prepare solid lipid nanoparticles [1]. This technique has also been used
to prepare lipid nanoemulsions, liposomes [2] and vesicles [3]. Precipitation occurs when a water-
miscible organic solution of the lipid is combined with a surfactant-containing aqueous phase leading to
supersaturation of the lipid and formation of stabilized nanoparticles. Formation of small particles
requires a fast mixing of aqueous and organic solution. To ensure fast mixing, precipitation can be
conducted in microsystems at more precise conditions. The aim of this project was to prepare small
lipid nanoparticles with narrow particle size distributions. Production in a conventional batch set-up
should be compared with micromixers of different designs with respect to resulting particle sizes and
reproducibility.

RESULTS

A stirred volume of the aqueous solution in a beaker and a syringe pump controlling the volume flow of
the lipid solution were parts of the batch set-up. Different segmented gas-liquid-flow microsystems were
tested in cooperation with project 3C (Peer Erfle, Institut fir Mikrotechnik). Besides, a high-pressure
microsystem developed in the mikroPART project was used in cooperation with project 3A (Sebastian
Melzig, Institut fur Partikeltechnologie). The commercially available NanoAssemblr platform with
herringbone structures inside the microfluidic cartridges represents a further microfluidic mixing
principle (Fig. 1).
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Figure 1: Preparation of nanodispersions in a batch set-up and in micromixers based on different mixing principles
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Castor oil in combination with polysorbate 80 as surfactant and glycerol monooleate in combination with
poloxamer 407 were chosen for precipitation in the different set-ups. Particle size analysis was
performed by photon correlation spectroscopy which provided z average and polydispersity index (Pdl)
values. All set-ups were able to produce nanoparticles. The batch process led to dispersions with the
lowest Pdl values. Deposition of oil droplets onto the channel walls was observed in the segmented flow
micromixer which might cause contamination with particles in the micrometer range. A reduction of the
diameters of the organic solution inlet channels and processing of polysorbate 80 via the organic phase
(castor oil nanoemulsions) could reduce but not completely eliminate fouling. The high pressure
micromixer produced very small nanoparticles. However, they were associated with high Pdl values for
the castor oil nanoemulsions. An increasing total flow rate in the NanoAssemblr platform led to a
reduction of the z-average values. At high flow rates similar effects as in the high-pressure micromixer
were obtained: nanodispersions had low z-average values and castor oil nanoemulsions a high PdlI
value. Glycerol monooleate dispersions had relatively low Pdl values in all set-ups.
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3.3  Precipitation in micro systems

Peer Erfle (IMT), Prof. Andreas Dietzel (IMT); Project 3C

INTRODUCTION

Lipid nanoparticles can be used as carrier agents for lipophilic and poorly water-soluble drugs. Solvent
injection is a relatively new and energy-saving process for the production of very small lipid
nanoparticles with narrow size distributions. For the effective implementation of this process, a
microfluidic system with a segmented gas-liquid flow for mixing different solutions is investigated in this
sub-project. The lipid is dissolved in ethanol and precipitated in the micromixing system by adding an
aqueous phase. A gas phase is additionally injected to separate the liquid flow into single plugs. The
resulting two-phase flow, called Taylor-Flow, enables effective mixing and can be tuned continuously. By
simply adjusting the gas volume flow rate, the sizes of the liquid plugs can be changed, whereby the
mixing volume and the mixing time are adjusted. This allows varying the mean diameter of the
nanoparticles. A new tree-like inlet structure was developed for the microfluidic system, which merges
all phases at one point in the mixing system.

Deposits of particles on the channel walls (fouling) represent a major challenge in a continuous
precipitation process in microfluidic systems. By modifying the material and the design of microfluidic
systems as well as the formulations, the fouling can be suppressed continuous operation over longer
periods becomes possible.

RESULTS

The microfluidic system was structured from a borosilicate glass wafer by femtosecond laser ablation to
produce hydrophilic microchannels with an almost circular cross-section. The system comprises one
intersection of all inlet channels where flow-focusing and gas-liquid segmentation occurs. Flow focusing
merges the aqueous phase and the organic phase containing a solvent with a surfactant and a
dissolved lipid. The Taylor-Flow appears by instant segmentation of the continuous flow during flow
focusing and vortices in the individual segmented plugs induce ultra-fast mixing of the solutions. The
sizes of the plugs and the mixing time of the solutions in the plugs were determined using optical
methods and a specially developed algorithm. The plug was detected by automatic detection of the
differences in brightness between the gas bubbles and the plugs. For the determination of the mixing
quality, colored solutions were used for the individual phases, which turn into a uniform color after
complete mixing. The algorithm overlays the images of detected plugs to form an averaged image for
the entire channel. The progress of mixing of the solutions can be determined from the standard
deviation of the brightness values. There is a direct correlation between the size of the plugs to the gas
volume flow rate at constant liquid volume flow rate. The plug sizes and as a consequence also the
mixing times can be adjusted over a wide range without destabilizing the Taylor flow. The good control
of the plug sizes is reflected in the precipitation of the lipid nanoparticles. By adjusting the gas volume
flow, the mean diameter of the lipid nanoparticles could be adjusted from 70 nm to 170 nm. The particle
size is almost independent of the volume flow rate of the liquid phase as long as the ration of liquid and
gas flow rates are maintained. To minimize fouling, the microsystem channel walls and geometries as
well as the formulation of the solutions were adapted. With an improved ratio for the inlet channel
diameters of the organic phase and other channel diameters, an improved and more centered inflow of
the organic phase into the mixing channel and thus a reduced fouling was observed. With an annealing
process, the roughness on the channel walls can be minimized, so that less surface sedimentation is
generated. Furthermore, by adding a surfactant to the organic phase, the formation of agglomerates on
the channel wall can be reduced.
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Figure 1: Microfluidic system with segmented multiphase flow and analysis of flow formation in the microsystem as well as the
precipitation process.
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3.4  Microdevices for nanoparticle separation and analysis

Holger Bolze (MPI-BPC), Dr. Thomas P. Burg (MPI-BPC); Project 3D

INTRODUCTION

To combine the advantages of low-volume production of pharmaceuticals with the advantages of
continuous processing, processes can be transferred to microfluidic systems. This transfer requires
online methods for characterizing the product to react on changes of the process over prolonged
production times. Sub-microliter online detectors capable of measuring important parameters without
stopping the flowing liquid are therefore required. For this project, we have chosen to analyze lipid
nanoparticles, which are used as carriers for poorly soluble drugs. To use the detector in the online
analysis mode we needed additionally a microfluidic synthesis system which precipitated the particles
by mixing of two liquids. Since the product of the mixing step contained also micron-sized particles,
which could disturb the measurement, we had to add a microfluidic filter to remove them.

fluorescence
signal

product
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\

Filter Detector

Figure 1: Online analysis of lipid nanoparticles

RESULTS

First, we screened the available detector concepts and chose a method for detecting single particles via
fluorescence. This concept, adopted mostly from cytometry, directs a small fraction of the sample
through a channel with a size of only 2 micrometers. A small portion of this channel was illuminated by a
laser to excite the fluorescence, so that statistically each fluorescence signal contributes to a single
particle. In comparison to bulk detection techniques, the method allows the detection of different particle
populations and a direct concentration measurement by counting the particles. After establishing the
detector with reference particles, we analyzed lipid particles which were colored by a dye enriched in
the lipid particles. Under the approximation of an equal distribution of the dye over the whole lipid
volume, a change in size should result in a change of intensity of the single particles. We tested the
detection limits of the detector and established a detection window for particles of sizes between 100
and 500 nm. With this knowledge we combined our detector with the precipitation setup developed by
P. Erfle. After changing the particle precipitation parameters, we were able to detect changes in the
process by a change in intensity and the number of measured particles per minute. This result shows
that changes in the microfluidic synthesis process can be monitored continuously by our method.
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In addition to the characterization technique, we developed an ultrasonic treatment method for the
fouling-free production of lipid nanoparticles in a microfluidic system. Without this treatment, the
production in a single-phase microfluidic mixer broke down within minutes due to clogging. In addition to
the expected nanoparticles, we also a fraction of micrometer-sized particles in the mixing product. This
small fraction of waste particles was incompatible with our detection setup and, more importantly, would
be inacceptable for in vivo applications due the risk of clogging blood capillaries. To remove these large
particles, we designed and fabricated microfluidic cross flow filters with a low dead volume and
combined these filters with our precipitation setup to enable the production of a constant flow of a pure
nanoparticle suspension.
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4 Cluster 4 - Crossing niological barriers by means of nanoscale
formulations

4.1 Development and evaluation of nanoscale delivery systems to the brain — a
microfluidic approach of a co-culture model of the blood-brain barrier (BBB)

S. Hinkel (IPhT), S. Reichl (IPhT), C. C. Miller-Goymann (IPhT); Project 4A

INTRODUCTION

The blood-brain barrier (BBB), mainly consisting of endothelial cells, pericytes and astrocytes,
separates the central nervous system (CNS) and the blood circulation to provide vital homeostasis in
the brain. In vitro models of barrier-forming cell lines are commonly used to study the permeability of
new substances in the early phase of drug development. Therefore, it is essential to imitate cell
environment preferably close to in vivo conditions to reduce drug failures and thus animal research,
time and costs. This investigation is divided into two parts: The first one covers the optimization of a
static mono-culture BBB model of a human immortalized cerebral endothelial cell line (hCMEC/D3) and
the second part deals with the optimization and evaluation of microfluidic approach of the BBB. For this
purpose, the novel cell culture platform DynaMIiTES (Dynamic Micro Tissue Engineering System) is
based on the idea of combining advantages of static cell culture insert systems with those of
microfluidic devices for imitating flow conditions and shear stress [1; 2]. The DynaMIiTES (Fig. 1)
enables dynamic permeability studies as well as dynamic cultivation of various cell types. Furthermore,
it combines online transendothelial electrical resistance (TEER) measurements, versatility in use and
comparability with conventional insert systems such as Transwell® or ThinCert®.

Figure 1: Three-layered structure (A) and oblique view of the disassembled DynaMiTES with bottom, middle and top layer (B) as
well as plan view of assembled DynaMIiTES (left) and disassembled top layer (C)

RESULTS

In this study, a well-known static hCMEC/D3-cell culture insert system was characterized by
proliferation (growth rate), morphology via light microscopy of the insert in top view and as cross
section, permeation studies with sodium fluorescein (SoF), TEER-measurement via EVOM® device and
immunofluorescence and polymerase chain reaction (PCR) of tight junction proteins (TJs). It was
determined, that hCMEC/D3-cells form rather a weak barrier. For example, TEER-values ranged
between 5 - 16 Q-cm2 within 27 days (compared to the in vivo situation with TEER of = 2000 Q-cm2).
For this reason, the static model was optimized by variation of different culture conditions. Therefore,
cell and barrier properties in different commonly used media (DMEM, Ham’s F 12, RPMI and M199), as
well as specialized endothelial media (MCDB 131, ECGM MV 2) and serum free endothelial media
(hESFM, SF ECM) were tested and compared with the conventionally used media (EGM-2). In addition,
the influence of media supplements such as hydrocortisone and serum, of coating materials and of a
co-cultivation with immortalized and primary astrocytes on TEER was examined. It was proven that
cells grow well in serum free and in the other tested endothelial media. However, neither medium nor
the variations did strengthen barrier function.
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For the evaluation of dynamic cultivation of cell monolayers in DynaMiTES, the common cell line
MDCK-I (Madin-Darby canine kidney-I), which shows particularly pronounced barrier properties, as well
as the endothelial cell lines hCMEC/D3 mentioned above and cEND (murine cerebral endothelial cell
line) were used. The effect of DynaMIiTES cultivation on cell status was analyzed by cell viability, cell
number and morphology and on barrier properties via TEER measurements and permeation studies. To
enable the medium flow along the cell monolayer in DynaMIiTES, it was necessary to change the cell
orientation from conventional to inverted. Nevertheless, the platform can be easily integrated in existing
work flows and protocols. Furthermore, short-term cultivation with a flow rate of 0.033 mL/min to 3.33
mL/min for 3 hours as well as 0.033 mL/min for elongated cultivation of 24, 48 and 72 hours had no
negative impact on cell viability and cell morphology. Up to 24 h, flow conditions did not lead to a
reduced cell count whereas for longer cultivation duration (48 — 72 h) the cell count was slightly reduced
after DynaMIiTES cultivation. In addition, hCMEC/D3 cells in DynaMiTES and 12-well plates showed
comparable Papp data and TEER-values after 24 h indicating no effect on barrier properties.
Subsequently, modification of cultivation conditions and their effect on the cells will be investigated. This
study reveals that the application as dynamic cell culture model is feasible, yet requires further testing,
wider usage and improvements.
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4.2  Alternatives to in-vivo testing: Micro manufactured organ-on-chip systems

K. Mattern (IMT), Prof. A. Dietzel (IMT); Project 4B

INTRODUCTION

The implementation of Organ-On-Chip (OOC) systems places new demands on material selection and
tailor-made micro structuring processes. For the different tissue cultures used by different cooperating
research groups, different designs and production processes are required. These requirements led to
the development of two different microfluidic design and fabrication concepts: We used femtosecond
laser ablation of glass as well as precision machining of polycarbonate to produce two unique,
innovative systems for A) the cultivation and investigation of Langerhans islets (pancreas on chip) and
B) the cultivation and investigation of epithelial cells and stromal cells (cornea on chip).

Figure 1: Left: Micro Perifusion System (MPS) for the cultivation and investigation of Langerhans islets. Right: DynaMiTES
platform for the cell cultivation and investigation of barrier forming cell cultures like cornea tissue.

RESULTS

A) The present OOC / MPS system (Fig.1 left) was used to investigate critical characteristics for micro
physiological experiments with isolated pancreatic islets. It could be shown that wells within a micro
fluidic channel were capable of immobilizing isolated islands. This setup also enables sufficiently fast
exchange of the test media without exposing the islands to potentially harmful shear stress. The
transparent 3D geometries of the OOC were realized by femtosecond laser structuring of borosilicate
glass (BOROFLOAT). The um-scaled channels preserve a steep gradient between different media,
which is a prerequisite for the generation of square wave stimulation during the tests. Glass as a
material for the MPS has two advantages over polydimethylsiloxane commonly used for microfluidics. It
has superior optical properties that allow fluorescence microscopy even during UV excitation and it is
gas-impermeable, allowing measurements of oxygen consumption. This advantage could be illustrated
by simultaneous multiparametric measurements of isolated pancreatic islets that respond to a sudden
glucose concentration change.

B) The Dynamic Micro Tissue Engineering System (DynaMIiTES) (Fig 1 right) was designed as a
modular tool for dynamic cell cultivation and in vivo-like drug absorption measurements. For the
intended three-hour test period, cell viability is not affected either by exposure to the used materials or
to the fully assembled DynaMiTES. In addition, the material test showed that no corrosion is caused by
the buffer solution over a period of three months. In addition, the materials enable autoclaving with
moist, which is an essential prerequisite for multiple use. Therefore, the design can be regarded as cell-
compatible and robust for lengthy experiments. A homogeneous loading of the tissue by shear stress
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and homogeneous active agent concentrations after the injection could be confirmed by FEM flow
simulations. The simulation of the electrical current showed that integrated electrodes allow a practically
homogeneous load of the tissue. With the DynaMiTES a commercial transepithelial / endothelial
electrical resistance measuring electronics can be used. The concept of compatibility with existing
equipment promotes the transfer of this new, directly usable OOC platform to other laboratories.
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4.3 Plasma-induced modification of the dermal drug absorption

Monika Gelker (HAWK), Prof. Christel Miller-Goymann (IPhT), Prof. Wolfgang Viél (HAWK); Project 4C

INTRODUCTION

Dermal drug delivery offers several important advantages over the more widely-used strategies of
subcutaneous injection and parenteral administration: As a noninvasive, easy-to-use and often pain free
method it promises improved patient compliance and avoids drug inactivation due to the first-pass-
effect. To improve drug permeation through the stratum corneum, which constitutes the main barrier of
mammalian skin, cold atmospheric plasma (CAP) is considered a prospective tool for permeabilization.

RESULTS

This project aimed to elucidate the mechanism of plasma-permeabilization by CAP produced through a
ps-pulsed direct dielectric barrier discharge (us-DBD) operated at a repetition frequency of 300 Hz with
a power density of about 0.2 W-cm-2 [1]. For CAP-treatment, the plasma was ignited in a 1 mm air gap
between the high voltage electrode enclosed by a ceramic dielectric and the stratum corneum. Due to
the cylindrical geometry of the electrode, an area of 0.5 cm? was treated at the same time. By means of
Franz-cell permeation experiments in combination with transepithelial electrical resistance (TEER)
measurements, the overall effect of CAP-treatment on human skin barrier properties was studied.
Additionally, electrochemical and redox reactions were employed to directly visualize patterns of
permeabilized regions in treated stratum corneum and evaluate the production and permeation of
oxidizing species formed in the plasma. Our results show a considerable permeabilizing effect of a
filamentous ps-pulsed discharge (Fig. 1).
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Figure 1: Electrolytic imaging of the formation of permeabilized regions in human stratum corneum treated with cold atmospheric
plasma (CAP). (B/C) Darkened spots on a polished silver plate indicate localized current and small ion flux through treated
stratum corneum samples. The pores are stable even 24 h after the plasma treatment (C). An untreated stratum corneum control
is shown in A. The image size of each composite image is 10.5 mm x 10.9 mm (206 tiles). The size of the scale bar is 1 mm.

More specifically, permeation study results indicate that relatively small hydrophilic substances with
Stokes’ radii up to 1.4 nm are efficiently transported through human SC subsequent to 2x 90 s
treatment with CAP produced by a us-DBD. A moderate permeation of particles up to 6 um in diameter
is evidence for the occasional formation of large pores in the pm range. Plasma-permeabilization using
CAP is a promising method for future application in dermatology and pharmacology. It potentially holds
several advantages not only over established techniques of drug delivery, but also over other innovative
methods to enhance dermal drug delivery (electroporation, sonoporation and many more), since recent
studies have shown therapeutically beneficial effects [2—4], which may be used synergistically in future
clinical applications.
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