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Preface

Kurzfassung

Neue Krankheiten, wachsende Resistenzen und das Gesamtwohl einer stetig alternden
Weltbevilkerung erfordern dringend die Entwicklung neuer Wirkstoffe. Dieser
Entwicklungsprozess kann allerdings bis zu 12 Jahre dauern und 2.6 Mrd. Dollar kosten, wobei
die Erfolgsrate in den finalen klinischen Tests im Mittel nur bei 12% liegt. Eine
Optimierungsmoglichkeit, um neue Medikamente einfacher zuginglich zu machen, liegt im
friihen Stadium des Entwicklungsprozesses, in welchem grofle Bibliotheken moglicher
Wirkstoffe hergestellt und auf ihre biologische Aktivitdt getestet werden. Indem diese Schritte
miniaturisiert und parallel durchgefiihrt werden, werden Zeit und teure Reagenzien eingespart.
Zusitzlich konnte die Integration aller Schritte auf eine einzelne Plattform eine automatisierte
und hocheffiziente Identifizierung moglicher Wirkstoffanwérter ermdglichen. Eine Losung
hierfiir bietet der Droplet-Microarray, welcher die Handhabung hunderter nanolitergro3er

Tropfen als abgegrenzte Reservoire ermdglicht.

Diese Arbeit ist in zwei Teile unterteilt. Im ersten Teil wurde eine Plattform fiir organische
Synthese in Kombination mit enzymatischem Screening und massenspektrometrischer
Charakterisierung auf Basis des Droplet Microarray etabliert. Hierfiir wurde eine
Detektionsmethode fiir das Fluoreszenzsignal des enzymatischen Assays in 1152 100 nL
Tropfchen entwickelt. Hierbei wurde zum ersten Mal ein miniaturisierter enzymatischer Assay
in den Tropfen durchgefiihrt und gezeigt, dass eine vorangegangene Amid-Synthese hiermit
kompatibel ist. Dies ermoglicht ein direktes Screening einer miniaturisiert synthetisierten
Amid-Bibliothek {iiber die Enzym-Inhibition mit zusdtzlicher Charakterisierung der

synthetisierten Strukturen {iber massenspektrometrische Analytik.

AuBerdem wurde auf der gleichen Plattform eine Hochdurchsatz-Fliissig-Fliissig-Extraktion
zur Trennung von Stoffgemischen in 400 nL pro Tropfen entwickelt. Diese Methode wurde
hinsichtlich  der  Auftrennung von  Stoffgemischen und den Einfluss der
Umgebungsbedingungen mit Hilfe neuer Detektionsmethoden untersucht. Zudem wurde eine
neue Art der Fliissig-Fliissig Extraktion gezeigt, welche durch die hohe Stabilitit von

Wassertropfen auf den hydrophilen Flachen beim Eintauchen in eine organische Phase basiert.

Der hohe Grad der Miniaturisierung und Parallelisierung, sowie die Integration einzelner
Arbeitsschritte konnten die Flexibilitit des Droplet Microarray demonstrieren. Synthese,
Screening, Trennung und Charakterisierung auf einer Platte vereinend kann der Droplet

Microarray den Beginn der Revolutionierung der Wirkstoffentwicklung darstellen.
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Abstract

New diseases, growing resistances and the aim of wellbeing of a steadily aging population,
demand the development of new drugs. However, the whole process from identifying a possible
target to the FDA or EMA approval can take 12 years and cost up to 2.6 billion dollars with a
success rate of 12% in the final clinical studies. One possible way to enhance the efficiency and
speed of the drug development pipeline is to accelerate the first step in the drug development
pipeline of synthesizing large libraries of possible drug candidates and screening for their
biological activity. Miniaturization and parallelization of all steps of synthesis and screening
allow us to save time and costly reagents. Integrating all steps on one single platform would
make the whole process even more efficient and would allow a fully automated and seamless
identification of possible hit candidates. As a solution for this challenge, the Droplet Microarray
was introduced. This platform enables the creation and manipulation of small droplets in
nanoliter size as single reservoirs, separated by hydrophobic borders. Although mainly used for

miniaturized cell culture, some applications of chemical synthesis have been already presented.

This thesis is separated in two main chapters. In the first part, the Droplet Microarray was used
to develop an integrated platform uniting organic synthesis, enzymatic screening and mass-
spectrometry-based analytics. Therefore, a readout method was established and adapted for an
array of 18 x 64 100 nL droplets based on a fluorescent signal from an enzymatic assay. This
was the first time of performing this highly miniaturized enzymatic assay on the Droplet
Microarray. Furthermore, the compatibility with an amide-coupling reaction was demonstrated,
to allow the direct screening of a miniaturized synthesized library of amides for enzyme

inhibition, as well as structure identification by mass-spectrometry right after synthesis.

In addition, a new separation method was developed on the same platform by performing high-
throughput liquid-liquid extraction with 400 nL per droplet. The method was investigated in
terms of separation performance and environmental impacts with newly established readout
methods. Furthermore, a completely new liquid-liquid extraction method was developed, which
was enabled by the high stability of an array of aqueous droplets on the hydrophilic spots upon

immersion in an organic solvent.

Highly miniaturized and parallel experiments and the integration of different working steps in
one workflow could demonstrate the versatility of the Droplet Microarray. Uniting synthesis,
screening, separation and characterization on one chip, this combined platform can be the first
step of revolutionizing drug discovery.
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Preface

This Thesis is based on results of my research in the group of PROF. DR. PAVEL LEVKIN between
March 2020 and July 2023 at the INSTITUTE OF BIOLOGICAL AND CHEMICAL SYSTEMS —
FUNCTIONAL MATERIAL SYSTEMS (IBCS-FMS) at KARLSRUHE INSTITUTE OF TECHNOLOGY
(KIT).

The results in Chapter 3.1 were obtained in a collaboration with SANOFI

Parts of the results were presented at the following conference as poster:

ELRIG DRUG DISCOVERY 2022 (4™-5" October 2022, London, UK)

Parts of this thesis in chapter 3.2 are based on a concept developed by YELDA DEMIRDOGEN in
a previous Master Thesis!!! in our group and have been published in small with shared first
authorship.!? The part done in the Master Thesis will be indicated, as well as any contributions

by other co-authors.

Parts of the results were presented at the following conference in a conference talk:

SLAS2022 INTERNATIONAL CONFERENCE & EXHIBITION (05"-9" February 2022, Boston, USA)

The research was funded by the MINISTERIUM FUR WISSENSCHAFT, FORSCHUNG UND KUNST
BADEN-WURTTEMBERG within the project MALDIDROPSCREEN2.

The project MALDIDROPSCREEN?2 was conducted as a collaboration between the group of
PROF. DR. PAVEL LEVKIN at KIT and the group of PROF. DR. CARSTEN HOPF at the CENTER FOR
MASS SPECTROMETRY AND OPTICAL SPECTROSCOPY (CEMOS), UNIVERSITY OF APPLIED

SCIENCE in Mannheim.
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Introduction

1 Introduction

With a steadily growing and aging population, there is an urgent demand for developing new
treatments for new upcoming diseases. In addition, the growing resistance of bacteria against
commonly used antibiotics can currently lead to infections without any conventional treatment
options. Moreover, the outbreak of the COVID 19 pandemics, which arrived in Germany at the
beginning of this work in spring 2020, drastically demonstrated the need for accelerated drug
development processes.’] A huge challenge is the high costs and time effort for the
development of a new approved drug. With a 12% success rate in a final clinical trial,'
approximated costs of 2.6 billion USD and around 12 years of development from the target
identification to an FDA approved drug,®! the whole process needs to be optimized to ensure
accessible drugs for every patient. There are already a few approaches suggested to lower the
costs and time in the early-stage drug development process with the synthesis and screening of
large compound libraries for possible drug candidates. Target-guided synthesis and
computational models can be a solution to reduce the number of tested compounds, ! but they
also requires large amount of time, and high computing capacity.[’! Furthermore, the system
must be understood very well to make exact predictions, which is a huge drawback for the
development of orphan drugs for rare diseases. On the other hand, the chance to find an
unpredicted hit is increasing with the number of screened compounds.®! One possibility to save
valuable resources like chemicals, biological material and time and still covering a large
chemical space is miniaturization, parallelization and integration of all single steps in early drug

discovery on one platform.!

1.1 Combining Miniaturized Chemical Synthesis with Biological Evaluation

So far, libraries of drug candidates need to be synthesized in laborious work by chemists in the
lab. Every compound needs to be synthesized, purified and characterized before it can be
screened in a biological assay. The biological activity can be evaluated either by a cell-based
assay, enzymatic inhibition or binding assay. This all is extremely costly in terms of time and
manpower, but also of material consumption for the bulk synthesis and the cells or proteins.
However, in biology and biochemistry the idea of miniaturization and parallelization came up
more than seventy years ago, when the 96-well plate was invented.”>!%! Until today, high interest
in saving those rare ingredients promoted the development and wide application of highly
miniaturized high-throughput microtiter plates in biological and biochemical experiments, with
1536 single wells holding 3 — 10 puL of sample solution. Furthermore, highly complex liquid

handling robots were developed to enable the handling and manipulation of those small
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volumes in an automated and high-throughput way. Somehow, this mindset of miniaturization
and parallelization was barely taken into account by the chemical world for a long time, even
though only a miniaturized, parallelized and integrated way of synthesis and screening for new

compounds can finally allow the ultimate goal of affordable and efficient drug discovery.

(/ ) “1 /
\\\7// = « :
Synthesis Purification Analytics Activity Test
L )]

Figure 1: Miniaturization and combination of all steps in early-stage drug discovery to enable an efficient and
sustainable workflow.

1.1.1 Small Scale High-Throughput Synthesis and Workup

The most established method for miniaturized, high-throughput organic synthesis is the solid
phase synthesis (SPS). Here, a chemical linker moiety is used to attach the starting materials to
a solid support. The reaction is carried out by addition of the required reagents in excess, which
can be easily removed together with most unwanted side products by a washing step. The solid
support can consist of beads, which can be transferred to different reaction vessels, like it is

IL12] For increased throughput and lower reagent

done in the split and mix approach.!
consumption, this procedure was transferred to microtiter format with robotic sample
handling.['?) Despite the comparably easy handling and purification of the compounds to the
beads, the one-bead-one-compound libraries require an additional tag, like in DNA-encoded
libraries to identify the synthesized structure afterwards!'*] FRANK ef al. transferred this system
to an array format by developing the SPOT synthesis. In this case, a membrane is used as solid
support and the reagents are added in a droplet format.['* Especially for synthesis of oligomers
like peptides or oligonucleotides, these solid phase approach has been commercially established

to create customized peptide or nucleotide microarrays (JPT PEPTIDE TECHNOLOGIES,

PEPPERCHIP, ARRAYSTAR INC, MICROARRAYS INC).
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Downscaling of a reaction in solution phase was first used to screen for optimal reaction
conditions for a certain set of limited starting materials.l”) SANTANILLA et al. showed the
optimization of Pd-catalyzed cross couplings in a 1536 well plate.””) All solutions were handled
with an automated pipetting robot MOSQUITO, which allows aspiration and mixing within the
needle before dispensing the already well mixed reaction solution in a single droplet. The
reaction was done in high boiling and plastic-compatible solvents like dimethyl sulfoxide
(DMSO) and N-methyl-2-pyrrolidone (NMP) and the readout was performed in a multiplexed
way with liquid chromatography-mass spectrometry (LC-MS) after quenching of the reaction
mixture. Hits were confirmed with ultra-performance liquid chromatography-MS (UPLC-MS).
In this case, the focus was set on the reaction optimization, without any further use of the
synthesized product except for determination of the reaction yield. The system of miniaturized
reactions in microtiter plates was further developed by MAHJOUR et al., where a special glass
1536-well microtiter plate was used to enable heating and sonication as well as less plastic-
compatible solvents like dimethyl formamide (DMF) to broaden the scope of possible
reactions.['> Furthermore, the group implemented a biochemical binding assay by adding a
protein directly to the crude reaction mixture for affinity-selection mass spectrometry

(ASMS).l!S]

Besides cross coupling reactions mentioned above, which are widely used in medicinal
chemistry, multicomponent reactions are perfectly suited to create large and diverse libraries
out of a limited number of starting materials. Hence, the optimization of reactions like the Ugi
three- and four-component reaction are often investigated to analyze structure-related reactivity
profiles, but also to create highly diverse libraries for screenings based on a limited amount of

starting materials.16-17]

With a more complex setup, SUTANTO et al.'”! were able to synthesize and purify a library in a
parallel manner. Here, a highly diverse library of acryl amides was synthesized by the Ugi
four-component and a Passerini three-component reaction in 96-well glass plates in 1.5 mL.
For reaction workup, the product was precipitated and in a complex, in-house built filtration
system filtered and washed to gain pure product. The comparably high amount of 0.5 mmol
product allowed analytics with nuclear magnetic resonance spectroscopy (NMR) to confirm the
purity. In the following next miniaturization step, the same reactions were performed in a 384
well plate using an acoustic droplet ejection liquid dispenser. At this scale, the purification by
precipitation was not possible anymore, but the synthesis could be confirmed by direct injection

of the crude mixture into a mass spectrometer.
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Another example to mention is the work of GAO et al., who used 384-well plates to perform
different multicomponent reactions in a 10 pL scale using 300-500 nmol of starting material.
While stock solutions were prepared in the high-boiling solvent ethylene glycol to be dispensed
in low volumes with the ECHO acoustic dispenser, the main reaction solvent was added with
multichannel pipettes. Using solvents with lower boiling points like dichloromethane (DCM)
and methanol (MeOH), the well plates were sealed for incubation at room temperature without
significant loss. Those libraries consisting of several multicomponent reactions were not further
used for biological screening, as the focus was set to compare different multicomponent
reactions and their yield. The synthesized products were analyzed in a chemoinformatic

approach to evaluate and compare their biophysical properties to FDA approved drugs.['®

For reaction workup in bulk synthesis, Liquid-Liquid Extraction (LLE) is a fast method to
remove unwanted compounds in the crude reaction mixture by their affinity to organic or
aqueous phases.!!”) It is widely used in laboratory and industrial workup procedures, but its
miniaturization is challenging due to the complex solvent handling requirements. PENG ef al.
developed an automated liquid handling workstation to perform LLE in 96-well plates in
3.2 mL in total per well to remove amines from crude mixtures.”?’) Another approach is the
single-drop microextraction (SDME), where small droplets of an organic solvent are presented
on the tip of a syringe to extract components from another phase. This allows the extraction
into small droplets of microliters.?!! Despite the high level of miniaturization, this method
requires a complex setup and is challenging if performed in high-throughput for the parallel

purification of an array of samples./*?]

1.1.2 Small Scale Analytics

As described in the chapter before, LC-MS is in most cases the analytical method of choice, as
it can be used to separate a crude reaction mixture in the chromatography step. The retention
time and number of peaks in the chromatogram gives information about the amount and polarity
of the compounds, for example how much starting material is left or if a side reaction is
occurring. More important, the purified sample is directly injected into a mass spectrometer to
gain further insight into the chemical structure.?*! This can be used to clearly identify if the
expected product was synthesized or to identify side reactions. This method shows high
sensitivity already for low concentration and low amounts of sample and it can be easily
automated with already integrated autosamplers./** The samples are diluted in a solvent, which
can be acetonitrile or an aqueous buffer, which means that the samples can be directly taken

after the reaction and might only require an additional dilution step. However, a single run can
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take up to 10-20 min, which is a huge drawback in terms of analyzing large libraries in a short
time.*>! Further developments like the multiple injections in a single experiment run (MISER)
method allow to reduce the measurement time,”?! as well as supercritical fluid
chromatography (SFC-MS), which can be run with higher flow rates enabling a measurement
time of 2 min per sample.?”! UPLC describes the further developed high-performance liquid
chromatography (HPLC) method with increased performance in regard of separation efficiency,
sensitivity or throughput with smaller column particle sizes and increased pressure.?®! Still, the
multidimensional data obtained from a single run, containing retention times and in case of LC-
MS mass spectra for each time point, results in a high load for data evaluation, in addition to

comparably long measurement times.

In contrast to any analytical tool that contains a chromatography step like LC-MS, direct mass
spectrometry represents a rapid alternative approach. Within the field of this highly sensitive
analytical method, the surface-based matrix assisted laser desorption ionization mass
spectrometry (MALDI-MS) has a huge advantage.”®! As it can be used to image a two-
dimensional biological sample for mapping different biological markers, the method allows the
fast screening of large arrays of compounds with comparably low sample preparation effort. A
low amount of sample is added to a conductive target plate and co-crystallized with a matrix.
The matrix consists of small molecules that can be excited by laser irradiation and transfer this
energy onto analyte to achieve a soft ionization.®® For quantitative readouts, standard
compounds are required, as the signal intensity strongly depends on the crystallization and other
compounds from the reaction present in the sample.*!! This high-throughput measurement
method allowed the analysis of 1536 different reactions within 11 min to test the impact of

different functional groups for different catalysis in a C-N coupling reaction by LIN et al.*!!

With the self-assembled monolayer desorption ionization (SAMDI) ASMS, the company
SAMDI TECH INC. presents a high-throughput platform for MALDI-MS-based detection of
molecules bound to an immobilized target on 1536-well format.!**! These could be exemplarily
used to identify binders of the human rhinovirus 3C protease. However, initial binding was

performed in well plates and the samples were transferred to the SAMDI-plates for analysis. !
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Intensity

Figure 2: Analytical Methods and their throughput. A) MALDI-MS is measuring samples form a source plate to
give the mass spectra for every spot. B) LC-MS is analyzing samples one-by-one and gives a chromatogram with
all components present in the sample and mass spectra for every single compound within that sample.

One commonly used technique to determine the purity, but also structural information about
new compounds is NMR. This method requires on the one hand quite long measurement times,
and on the other hand, a high amount of highly concentrated sample in the milligram range.
Furthermore, the solvent needs to be exchanged to deuterated solvents, which would require
additional handling steps and the measurement needs to be performed in a certain glass tube,
which requires a transferring step. Due to that, NMR is usually used to analyze potential leads,

which are resynthesized in bulk in higher amounts.

In general, the analytics are often performed during the optimization step and only for several
representative samples instead of analyzing the whole library. For detailed identification and
characterization of the synthesized molecules, the hit candidates are synthesized in an upscaled

reaction and analyzed after purification in the next step.[**

1.1.3 Screening Methods Combined with Synthesis Steps

HABESHIAN et al. published a method for miniaturized amide coupling with following
enzymatic screening in 2022.54 In addition, the authors miniaturized first the synthesis of
complex precursors via solid phase synthesis in 96-well plates and used an acoustic dispenser
to create 80 nL reaction droplets in DMSO on the bottom of a 384-well plate in the following
step. The reaction was quenched by addition of buffer and subsequently diluted to perform an
enzymatic activity assay in 15 pL total volume with fluorescence readout by a plate reader. The
reaction additives were still present in the assay, but showed no significant impact. Despite this
example of an integrated synthesis and screening platform, samples needed to be transferred by

a pipetting robot to target plates to confirm the structures via MALDI-MS. Another protein-
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based assay was presented by SUTANTO et al.,/'’! who screened their synthesized crude library

obtained from multicomponent reactions with high-throughput protein crystallography.

A combination of synthesis with directly following cellular readout was presented by GEHRTZ
et al., who performed a copper-mediated azide-alkyne click reaction in a water/DMSO mixture
in 384-well plates. The crude library was tested directly after synthesis, however, only a small

amount of the reaction mixture was transferred to a second plate for the in-cell western assay.**]

A completely different approach was developed with the idea of protein templated reactions.
Here, the synthesis and assay are even combined in one step, as the protein is used to catalyze
the reaction itself. The most prominent example is the azide-alkyne cycloaddition, where the
triazole is only formed if both starting materials are binding in close proximity to the protein.

In this way, only those structures are synthesized, which are also binding to the protein.*®!

Despite all the developments described above, there is still the challenge to unify all aspects of
early-stage drug discovery on one universal platform. Furthermore, most applications are using
the microtiter plate, consisting of a polymer which is not compatible to some organic solvents,
and also not suitable for example for a MALDI-MS-based readout. In all cases, for exact hit
validation, a bulk synthesis and purification step is required, to perform dose-dependent binding
assays or characterize the molecular interaction with the protein of interest without any

interfering compounds and an exactly determined concentration.

1.1.4 Challenges and Opportunities of Miniaturized, Parallel and Integrated Systems
Comparing the different approaches for combined, miniaturized synthesis and screening, there

can be found some challenges to be overcome.

The first challenge to solve is the array format, as the chemical reaction as well as
biological/biochemical assay need a vessel with different requirements. For the chemical
reaction, the platform needs to be stable against different organic solvents with the possibility
to avoid evaporation. Here, the state of the art in most synthetic labs is still in the range of either
round bottom flasks of glass vials for reactions in the scale of hundreds to single milliliters,
where every reaction is performed individually. For the screening, the platform needs to be
suitable for a certain readout, in most cases colorimetric or fluorescence-based assays require a
transparent setup and a suitable geometry for the analytical device. For the last point, microtiter
plates have been developed, which can be transparent, are organized in a unified format and
can be closed by a lid or sealed with a thin film to avoid evaporation. Furthermore, there have

been investigations towards more stable polymers like polypropylene or polystyrene with
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cyclooctane copolymer or even glass to ensure stability in contact with organic solvents.[!>!]

Microtiter plates are available in scales from 96 wells with 400 pL reservoirs up to 3456 well-
plates, which can be used for 1-5 uL.7”) Thinking about volume reduction from several
milliliters to microliters, there is still a lot of room for further miniaturization compared to
microfluidic reactors, where picoliter droplets are created in an oil layer for chemical
synthesisi®® as well as biological experiments.*”) Furthermore, a huge drawback is the
compatibility of microtiter plates with analytical methods. While there are autosamplers for
LC-MS devices, which can handle 384-well plates, the samples still need to be spotted by a
liquid handler to target plates for MALDI-MS measurements, which is the optimal method for
high-throughput structural analytics.

Another challenge in miniaturization of the handled volumes is the larger impact of evaporation
for smaller volumes on the one hand and open platforms in comparison with reaction vials,
which can be sealed tightly, heated and, if necessary, prevent the presence of water or oxygen
on the other hand. For tackling the evaporation of solvents during a reaction, most methods are
based on reactions that occur at room temperature, which is in addition often required by the
plastic reaction reservoir. In addition, often highly volatile solvents like methanol or
dichloromethane are avoided and high-boiling point solvents such as DMSO are used, which
are also stable as small droplets at room temperature and atmospheric pressure. Furthermore,
there are already special sealing films developed for microtiter plates, which can be also used
to run reactions in methanol, when the volume of the organic solvent is comparably high!'*! and
the plate is sealed directly after dispensing.®!! Some more sophisticated setups have been
described by LIN et al., where a sealing block was used to heat a reaction mixture up to 100°C
in a 1536-well-plate. Developed and customized for this application, the aluminum blocks are
now commercially available by ANALYTICAL SALES AND SERVICES."! For the handling of air-
sensitive catalysts in cross coupling reactions, the whole pipeline with dispensing robots and
plates were placed in a glove box to work under nitrogen atmosphere.”) One completely
different approach was the idea to avoid solvents and perform a reaction in a solid matrix

material, which is melting upon laser irradiation.[*’]

In addition to a successful synthesis of the product of choice, a huge challenge for the combined
synthesis and screening is the purity of the synthesized and analyzed compounds. While in large
scale synthesis crude reaction mixtures are usually purified via chromatography (flash
chromatography, HPLC, preparative thin layer chromatography), crystallization or liquid-liquid

extraction, the handling of nanomoles of compounds and the parallelization of purification
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methods becomes very difficult. Therefore, most of the samples are analyzed as crude mixtures
if the impact of the additional reagents to the assay can be excluded.***%! Still, there are
examples where UPLC methods were developed to purify large libraries before screening them
and the approach of precipitation was performed in a parallelized way in 96-well format.!'”! For
most approaches, the reactions are chosen based on a high expected yield and atom economy,
resulting in low amounts of starting material or side products present.l!'’! One example, where
a copper-mediated azide-alkyne reaction was performed and directly used in a cell-based assay
show that for a first readout the purification might not be strictly necessary.'>> Nevertheless, an
additional dispensing step was used to dilute the synthesized product to a suiting concentration
for the assay in a new microtiter plate. While biochemical or biological assays often require
low concentrations of potential active small molecules, the chemical reaction is favored in
higher concentrations. Hence, most of the synthesized compounds need to be transferred to new
plates to perform the dilution step, which is time and material consuming and requires precise
robotics for sample uptake and release of low volumes. One solution to that was presented by
HABESHIAN et al., where the chemical reaction was performed in DMSO in a more than 150
times lower volume compared to the following assay. In this case, the assay could be started by
simply adding the reagents to the same wells.**! For exact hit validation, a bulk synthesis and
purification step is required in most steps, to perform dose-dependent binding assays or
characterize the molecular interaction with the protein of interest without any interfering
compounds and an exactly determined concentration. If this can be performed with a small
selection of the best hits from the high-throughput screening, the whole pipeline is much more

sustainable and cheaper.

The future of medicinal chemistry and screenings in ultra-high throughput in miniaturized,
parallelized batches would not only increase the possibilities to find hits in the performed assay
while covering larger chemical space, but also creates high amount of experimental data, which
can be used for machine learning. In addition, the use of tiny amounts of often costly starting
and screening materials can lower the costs drastically. With machine learning algorithms used
in the experimental planning, a fully automated pipeline could be applied to many biological
questions resulting in a revolutionized drug discovery, which can be applied to rare diseases as
well as even personalized optimized treatments. In addition, the results of the screenings can be
used to answer more fundamental questions about biological processes, without investing

millions of dollars for one single application.
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1.2 The Droplet Microarray as Miniaturized Platform
1.2.1 A (super)hydrophilic/(super)hydrophobic Patterned Glass Slide

When thinking about further miniaturization and integration, microtiter plates are comparably
large, using microliters of solutions to perform 384 or 1536 experiments on an area of 127 X
85 mm. Furthermore, the solid walls might be necessary to prevent cross-contamination of
neighboring solutions, but they also lead to high adsorption, capillary effects and prevent the
sample from direct contact with a second target placed on top. However, the array format allows
the direct targeting of distinct samples and the sample information is encoded in the position
on the array. JOKINEN et al. analyzed the behavior of aqueous droplets on
superhydrophobic/hydrophilic patterned silicon surfaces. They described that a droplet can be
maintained within a hydrophilic area if the difference in wettability is high enough. If a droplet
gets in contact with a hydrophilic area, it will be retained by superhydrophobic borders.
Furthermore, the difference in wettability could be controlled in a photolithographic step, which

allows precisely formed geometries.[*!]

With this technique, a powerful platform beyond the dimensions of microtiter plates was
introduced through the Droplet Microarray (DMA) by the LEVKIN group in 2011 (Figure 3).[4%
The DMA consists of a microscope glass slide with the dimensions of 76 x 25 mm, which is
compatible with many adaptors available. Instead of solid walls, repellant hydrophobic borders
are maintaining a droplet in a certain geometry. This can be used to form aqueous of volumes
down to 20 nL in up to 2187 spots on one single glass slide.[*’! The transparent glass slide
allows the characterization of the cultured and treated cells by microscopy, while the open and

flat format allows new possibilities in case of sample manipulation and miniaturization.

Figure 3: Photo of a Droplet Microarray containing 1152 100 nL droplets of dyed water. The square spots have a
side length of 900 pm.

Each DMA is based on the modification of the microscope glass to create a reactive layer, which
can react in a photoinduced reaction step with different thiols to create either hydrophobic or
superhydrophobic surfaces if /H,1H’,2H,2H -perfluorodecanethiol (PFDT, 04b) is used, or

induce a hydrophilic characteristic using thiols with more polar groups, such as amines or

10



Introduction

alcohols. This can be controlled photolithographically by applying photomasks during the first
irradiation step. Afterwards, the remaining reactive groups covered by the photomask in the
prior step can react with the second thiol. This can be used to create patterns of various
geometries in an easy, two-step process.[**! In the Levkin group, several different methods have
been developed to create this special reactive layer, which are presented schematically in Figure
4. All modifications are based on different principles by using a porous polymer layer, a
nanoparticle coating or building dendritic structures attached to the glass slide. Therefore, they
result in different special properties of the DMA slide, which will be described in the following
chapter.

D Y .. ”.. L

P e

Porous Polymer Nanopartlcle Coating Dendrimer

(super)hydrophobic

(super)hydrophilic

Figure 4: Different surface modifications (top) to create a patterned surface (bottom). The dashed line mimics the
border of surface properties between hydrophilic (green/blue) and hydrophobic (yellow) created by a
photolithographic step with the respective reagents. A) A porous polymer layer on top of the glass slides enables
the surface functionalization on top and in the pores of HEMA-EDMA slides. B) The glass slide is coated with
nanoparticles, which can be modified afterwards to become hydrophilic or hydrophobic to create Z-DMAs. C) A
dendritic structure is chemically attached to the glass slide and grown for three generations to create the stable
Dendrimer slides.

1.2.2 Surface Functionalizations

The HEMA-EDMA-Slide

The first microarray proposed by the Levkin group 12 years ago was based on a porous polymer
film based on 2-hydroxyethyl methacrylate (HEMA) with ethylene dimethacrylate (EDMA) as
crosslinker, the HEMA-co-EDMA polymer. In the first approach, the pattern was created by a
second polymerization step with the hydrophobic 2,2,3,3,3-pentafluoropropyl methacrylate
monomer to create the hydrophobic borders.!*?) Few years later, the thiol-yne click reaction was
utilized to achieve the hydrophilic-hydrophobic pattern in two irradiation steps with UV light
as shown in Figure 5.1**! For that, the hydroxy groups of the polymer layer (01) first undergo
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an esterification step with 4-pentynoic (02) acid to create the reactive triple bonds for the

patterning via thiol-yne reaction (Figure 5).
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Figure 5: Surface modification of the HEMA-EDMA polymer (grey) with the esterification step and the thiol-yne
click reaction. R can either contain an amine or alcohol group for hydrophilic spots (blue), or a fluorinated chain
to create the hydrophobic borders (yellow). The grey squares represent schematically the HEMA-co-EDMA
polymer.

The porous polymer (Figure 4A) creates a rough surface, which on the one hand increases the
hydrophobicity to create a superhydrophobic surface. On the other hand, using cysteamine to
modify the hydrophilic spots, the porous polymer can be used as solid support for solid phase
synthesis. By attaching a photocleavable linker to the polymer, reactions can be carried out by
addition of reagents to the different spots with an easy washing step of the whole slide to remove
reagents.[*’] The slide showed in addition good biocompatibility and was used in several cell-
based assays. The drawbacks are the inhomogeneous surface of the polymer, which only turns
transparent after addition of liquids and tends to adsorb compounds so that higher concentration

of drugs need to be used to achieve same impact on the cells.

The Z-Slide

In order to optimize the surface for cell culture, the so-called Z-Slides were developed by
DR. ZHEQIN DONG (unpublished). The surface modification is based on nanoparticles, which
are deposited on the glass slide via spin-coating. With a vinyl group attached to the nanoparticle,
they can be modified afterwards by a thiol-ene click reaction in a similar manner as the
HEMA-EDMA slides. The surface of Z-DMA slides is optimized for aqueous solutions like
cell medium for cell culture. The extremely repellant borders allow high volumes and extremely

high stability of the droplets, also when the slide is moved or placed upside down.*®! In contrast,
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organic liquids with lower surface tension tend to leak and do not form stable droplets of higher
volumes. The simple preparation on the other hand also results in major drawbacks, such as
reduced mechanical stability of the coating due to the weak attachment to the glass surface.
Therefore, the slides can be only cleaned by rinsing as the pattern can be destroyed by simply

touching the surface.

The Dendrimer-Slide

As omniphilic/omniphobic counterpart to the Z-Slide, the Dendrimer DMA was developed
most recently.*”) Based on the principle of dendritic growth to increase the density of functional
groups on the surface, the modification starts with chemically linking triethoxyvinylsilane to
the surface. Using the thiol-ene click reaction with thioglycerol (04b), the number of reactive
groups is doubled and an esterification reaction with 4-pentenoic acid (08) creates again the
vinyl groups for the next cycle (Figure 6). With those orthogonal steps, the number of dendrimer
generation can be controlled, while the last layer of vinyl groups is used for the thiol-ene based
photopatterning.
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Figure 6: Creation of the dendritic structure by repeating the thiol-ene photoreaction (a, ¢) and an esterification
step (b) starting from the surface bound silane (R = Si(OEt)3) to an increasing number of thioether generations.

This modification shows advantages, as the surface properties were described as
omniphilic/omniphobic, meaning that droplets can be formed from aqueous as well as organic,
low surface tension liquids. Compared to the Z-DMA, optimized for aqueous solutions, the
performance with aqueous buffers is slightly weaker, leading to lower maximum volumes of
buffers or cell culture medium that can be handled on the dendrimer DMA. Still, stable droplets
of cell culture medium can be formed and used for cell culture on those slides. In addition, the

surface stays completely transparent during the whole manufacturing process. The chemical

modification procedure is the most time consuming one, taking three days from a bare glass
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slide to the patterned one, but the covalent chemical bonds enable a stable surface modification
which is stable during washing steps with soap and a soft brush as well as during autoclaving
steps. This results in a powerful surface, suitable for chemical reactions in various solvents as
well as the following biological screening and sustainable due to the possibility of reusing after

cleaning.*”]

1.2.3 Applications of the Droplet Microarray

The DMA was initially developed for miniaturized, high-throughput cell screenings to reduce
the consumption of rare materials while creating a large dataset in cell-based screenings. In the
first publication, a patterned HEMA-co-EDMA slide was placed in a petri dish, completely
covered by cell suspension.[*?! It was shown that the cells attached to the surface and were
retained by the superhydrophobic borders to prevent cross contamination between the cell
compartments (Figure 7 A). After showing the compatibility for Hepa, HEK293 and rat
mammary carcinoma cells, the cells were seeded on slides with preprinted and evaporated
transfection mixtures resulting in different fluorescent signal expression for the respective
spots. With this procedure, an array of 50 400 square spots with a side length of 335 um,
separated by 60 um thick borders was created.[**] This is on the one hand a very high number
of single spots, on the other hand, there was a risk of cross contamination over the cell medium.
This last point was used for investigations on cell-cell interactions between different cell types
by manually pipetting the cells to certain hydrophilic regions. After attaching to the surface, the
DMA was washed to remove non-adherent cells and placed in a large reservoir of cell medium
to investigate the response of one cell line to the signal produced by a second cell line on a

different spot.[*8]

A

Figure 7: Schematic representations of different cell culture methods with an immersed DMA in cell suspension
(A) and creation of single droplets by discontinuous dewetting (B).

To overcome the limitation of contamination, the principle of discontinuous dewetting was
established.[*”! Here, a large droplet containing cell suspension or reagent solution is pulled

over the whole DMA. On every hydrophilic spot which gets in contact with this reservoir, a
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small part is retained and forms an individual droplet (Figure 7 B). This method creates an array
of single droplets containing cells, which can be cultured and treated independently.
Furthermore, the so-called sandwiching-technique enabled the simultaneous addition of a
compound library to the different cell-containing spots. Here, a special adapter was created to
precisely align two slides facing each other. By adjusting the distance between those two slides,
the two opposite spots with droplets could be connected and compounds can be transferred by
diffusion.>®) With this setup, arrays of adherent cell lines,!! down to a single cell per spot,>?
stem cells,'*¥) suspension cells™®*! and spheroids®®! were cultured and used for drug sensitivity
tests with fluorescent staining and microscopic imaging as readout. In addition to cell lines, an
array of zebrafish embryos was cultured in 108 single square spots on one DMA. The eggs were
cultured in 5 pL, could be treated with an array of peptoids and were then pooled in one petri
dish for hatching.[*®! This demonstrated a powerful miniaturized platform for screenings with
low amount of consumables and a handling method, that does not require a complex setup if
the compounds to screen or for staining were provided on the platform. All steps during cell
culture could be in theory performed in any biological lab without the need of expensive

devices.

As mentioned before, the miniaturized platform could be used to culture human derived
pluripotent stem cells. Providing a platform for increased maintenance of pluripotency,’®’! the
DMA was used to test the impact of proteins and combination of protein mixtures for
maintaining the pluripotency.l®® This is a great example of enabling a large screening of costly
compounds with rare cells. Another example of using the low volumes for rare material samples
is the drug sensitivity and resistance test of patient derived tumor cells from chronic
lymphocytic leukemia, which were tested for different FDA approved cancer drugs.>” With
this application, the DMA shows its efficacy as a possible new standard platform for precision

medicine.

For increased precision, noncontact liquid dispensers were used to address every single spot on
the DMA. This was used to further manipulate cultured cells by combining several droplets
after the formation of spheroids.*®! Furthermore, a colorimetric assay was established to
estimate the cell viability using a document scanner.[®”) This method was applied to a screening
of multidrug-resistant bacteria against 2826 compounds provided by the COMPOUND

PLATFORM.[0!]

15



Introduction

For a cellular readout on the molecular level of a cell, a transcriptomic analysis of cells cultured
on the different DMAs and commercially available microtiter plates and in different volumes
was performed. Cells were seeded on the different surfaces and several droplets were pooled
together to get enough material to perform RNA isolation and sequencing.[%?! It was shown that
the phenotypic characterization performed by microscopic imaging was confirmed by
analyzing the transcriptome. There were no significant differences observed between the
different surfaces or droplet volumes, most of the genes were expressed at the same level. The
largest differences were detected for the dendritic surface structure, while down to 9 nL droplets
the expression was not changed depending on the volume.[®” In the next step, the whole
procedure from cell culture, cell lysis, mRNA isolation to the transcription to cDNA was
performed on the DMA in 200 nL droplets.!%! Subsequently, the gene expression was analyzed
qualitatively by gel electrophoresis as well as quantitatively by real time polymerase chain

reaction (PCR) up to a single cell per droplet.[6]

Another possibility to analyze cells on a molecular level is MALDI-MS.!%! This method
requires a flat, conductive surface to give information about masses of analytes with high
sensitivity and has found already broad applications in biological analysis of cellular
components'®! as well as product identification after chemical synthesis.[! To get access to
this analytical method, the glass slide with its flat topography needs to become conductive. This
was achieved by using Indium-Tin Oxide (ITO) coated glass slides, which have a conductive
surface while maintaining the transparency for additional microscopic analytics. The cell based
application was shown by analyzing a lung cancer cell line cultured in 40 nL droplets on an
ITO-Z-DMA.I7) After culturing, the spots were dried and matrix applied by spray-coating. The
MALDI-MSI analysis showed clear signals within the spots with a sensitivity down to a single
cell per spot. Furthermore, a dose dependent curve of signal intensity of a fatty acid in an
inhibition assay of the fatty acid synthase did provide a quantitative readout.[”! Showing this
certain substrate independency, another possibility is to create an eDMA, a droplet microarray
on an array of electrochemical cells.[%®! With this setup, single droplets could be addressed and
the redox signal of the solution contained at this specific position was measured. This shows

the potential for an electrochemical readout for biological or biochemical applications.®®]

Not only limited to the biological applications, the DMA further was used for material
development by creating an array of hydrogels with different compositions, followed by
screening for their photodegradability.[”! With the idea of combining the drug response test
directly with the synthesis of new drugs, the HEMA-EDMA slide was used by BREHM et al. to
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establish a SPS platform.[**! The porous polymer containing amine groups in the hydrophilic
spots was used to attach a photocleavable linker directly to the DMA. The first reaction
presented was a combinatorial synthesis of tripeptides by addition of four different amino acids
to different spots to synthesize 16 different compounds.[*! The release by irradiation with 365
nm uv light was shown exemplarily with doxorubicin, resulting in a time dependent release
upon irradiation. Furthermore, cells were cultured on the DMA containing the bound model
drug and showed a significant decrease of viability when the drug was released.[’®! To show the
potential in combinatorial drug synthesis, the Ugi 4 component reaction was used to synthesize
a library of 588 products on one DMA. For analysis of the product, larger droplets were
combined for LC-MS analysis and the whole library was detected with MALDI-MS after
transferring the samples via sandwiching from the HEMA-EDMA slide to an non-patterned
ITO glass slide!”!

Figure 8: Overview of applications of the Droplet Microarray. From top left to bottom right: transcriptomics, cell
culture, single-cell culture, stem-cell culture, suspension-cell culture, zebrafish assay, spheroid formation, bacterial
screening, hydrogel formation, solid-phase synthesis, solution-phase synthesis. No enzymatic screen or extraction
step was performed on the DMA.

Combining chemical synthesis with a biological screening, BENZ ef al. presented the synthesis
of a small library of lipidoids with following screening for transfection efficiency.l’! In the first
approach, two differently prepared DMA slides were used, the first able to maintain organic
liquids for the synthesis!’?! and as second slide, a HEMA-EDMA slide was used for testing the
prepared compounds in aqueous media for transfection efficiency. In a second approach, the
Dendrimer DMA was introduced as optimized platform for solution-phase synthesis. The
synthesis was performed in solution phase on 3 mm diameter spots by combining two different
starting materials via the sandwiching method. The reaction was carried out at room

temperature and characterized by UV/Vis, IR-Spectroscopy and MALDI-MS on the same
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platform. Furthermore, high sensitivity up to 0.1 femtomoles on a 500 um square spot was

shown in the MALDI-MS measurements.[*”! Also in this case, cells were cultured on 3 mm

diameter spots, but without performing the on-chip transfection reaction.[*”]

In the last 12 years, the DMA platform was continuously developed further to enable new

applications. This resulted in the different surface modifications presented in chapter 1.2.2,

showing different advantages for different fields. As an overview, a tabular summary of the

different kinds of surface modifications to create a DMA can be found in Table 1 including the

surface properties and major applications.

Table 1: Summary and Comparison of the established Droplet Microarrays. If not mentioned otherwise, the source
of information is stated in the header. Missing information is stated as N/A (or was measured for this work). #
based on experience of the author

HEMA-EDMAM | Z-Slide!™! Dendrimer!*”!
Ostat(H20) hydrophilic | 4.4° <10° 24°
Ostat(H20) hydrophobic | 170° 154° 116°
Vinax(H20) 200 150 125
900 pum spot
Vmax(DMF) 150 50 80
900 pum spot
Stability Brittle polymer, can | Pattern can be Stable against
be detached by destroyed by touching | wiping with a soft
physical force® the surface® brush?
Application biology | Cell culture®?, Cell culture (stem Cell culture
fish embryos>® cells,¥ spheroids!*®), | (5 pL)
bacteria,’#
sequencing
Application chemistry | Solid-phase Hydrogel synthesis Solution-phase
synthesis!*>7) synthesis
MALDI-MS Weak signals!”! Clear signals, high Clear signals,
measurements sensitivity!®”) high sensitivity
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Showing the broad application of the DMA, there is still an urgent need in investigating on the
possibilities of this universal platform to unite all needed steps in early-stage drug discovery.
This includes the solution-phase synthesis of new compounds, a possibility to separate a crude
mixture of different analytes as well as the chemical and biological evaluation of the
synthesized compounds. Even if some basic investigations have been already made focusing on
spots with a diameter of 3 mm and volumes of 5-10 uL,*""! the most important factor using

the DMA is the downscaling to submillimeter and sub-microliter scale.

Despite the opportunities of all biological applications presented in this chapter, the cell-based
screenings are very sensitive models with a certain chance of misleading results due to
“unhappy cells”. In addition, the mostly used phenotypic readout by microscopy gives only a
final result after treatment without learning about the detailed mode of action of the tested
compound, especially if the live/dead staining is used, while genotypic analytics are also in
small scale costly and time consuming. What is still missing is an established biochemical

readout to analyze a library of on-chip synthesized potential new inhibitors.
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2 Motivation

While there is a huge demand for new drugs, their development is highly time and material
consuming and therefore expensive and risky. Miniaturization, parallelization and integration
of all steps in early drug discovery is a promising solution to accelerate identification of
potential leads, while reducing the amount of material needed. Showing certain biological
activities, the lead structures are further optimized to result in new possible drug candidates.
First approaches have been published about microliter-sized synthesis with following analytics

or screenings, but there is still a high demand for small-scale and integrated platforms.

The aim of this work was therefore the further miniaturization and integration of solution-based
chemistry, including reaction optimization, purification and analytics, and an activity-based
readout on the Droplet Microarray for accelerated drug discovery in a high-throughput and

parallel format.

The work was divided in two main chapters, establishing first the combination of on-chip
solution-based chemical synthesis with an enzymatic assay, and secondly describing a new

method of on-chip, parallel extraction for separation of mixtures in nanoliter scale.

In the first part, a library of potential inhibitors for the low molecular-weight protein tyrosine
phosphatase should be synthesized on-chip in 50 nL droplets via an amide coupling reaction.
By varying the starting materials based on a known core structure and the reaction conditions,
this multiplexed library should be then analyzed in an enzymatic inhibition assay. In this case,
the inhibition rate could not only be used to identify the best inhibiting compound, but also to
find the best reaction condition for each of the compounds. In addition, MALDI-MS screening

of the synthesized library should be used to characterize the synthesized compounds.

While focusing in the first part on synthesis, analytics and screening, the second part describes
possibilities of separating mixtures in nanoliter droplets by liquid-liquid extraction. Here, the
work is based on a recently developed method of merging an aqueous and organic droplet for
parallel, miniaturized extraction. The system should be further investigated to understand the
process and methods developed to characterize it. In addition, a second way of high-throughput
extraction should be developed based on the stability of aqueous droplets in contact with an

organic phase.

All steps should be optimized to be performed on a Dendrimer-Droplet Microarray slide
containing 1152 spots with a diameter of 900 um to show all aspects required for accelerated

drug discovery: miniaturization, parallelization and integration.
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Figure 9: Overview about miniaturization and integration of an early drug discover pipeline on the Droplet
Microarray. All steps from synthesis, separation to mass spectrometry for chemical analytics and biological
activity tests combined on the DMA (center) by using a single liquid dispenser without additional handling steps.
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3 Results and Discussion

3.1 Combining Miniaturized Synthesis with Enzymatic Readout

For highly efficient identification of new possible hits in drug discovery, miniaturization and
parallelization, as well as integration of the synthesis, screening and analytics in one workflow
on the same platform is required to allow a fast and economical workflow. For hit identification,
protein-based assays offer a reliable and fast readout for the direct interaction of the protein of
interest with some drug candidates. The possibility to combine the chemical synthesis and
activity assay on the same platform can be used to accelerate and simplify first screenings for

hit candidates.

3.1.1 Project Idea and Background

In a phenotypic, cell-based screening, where cell lines are treated with the compounds, the
viability or shape of the cells are evaluated (Figure 10A). In this case the impact of the treatment
on the whole system is analyzed. As consequence, the mode of action of the treatment might
not be clear and side effects might lead to false assumptions. Compared to that, all possibly

interfering pathways are removed in an enzymatic assay (Figure 10B).

‘ substrate conversion

Figure 10: Cell-based and enzymatic assays. A) Cell-based assays offer a phenotypic readout of the overall system,
resulting for example in cell shape analysis (top) or live-dead staining (bottom) to determine the viability. B)
Enzymatic assays contain only the protein of interest and its substrate. This conversion is then measured as
indicator of the enzymatic activity.

Here, the protein of interest is isolated and a buffer composition is used to maintain
physiological conditions. For the readout, a model substrate is usually used, which is converted
by the active protein and detected in the end. Often, the substrate changes its color’® or
fluorescence,!””) but there are also radioactive!”! or mass-dependent!”®! readouts available. This
simple setup results in a reliable readout to compare different potential drugs upon their

interaction with the protein of interest. The main drawbacks for this kind of assays are that the
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protein and its mode of action needs to be known on the one hand and available as purified and
stable compound on the other hand. Furthermore, there is a need of a suitable substrate for the
readout. Even if the protein of interest can be expressed in cell lines or bacteria, it is very costly.
This shows the need of miniaturization for high-throughput screenings to make sure that large

libraries of drug candidates can be investigated with low amounts of protein in a reproducible

way.
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Figure 11: Insulin pathway, Type II diabetes and the role of LMPTP. A) in healthy cells, the insulin receptor is
activated by insulin binding and induces glucose uptake form the blood by the glucose transporter GLUT4. B)
Type II diabetes insulin receptors are desensitized against insulin and are not activated. Therefore, there is also no
glucose uptake taking place. C) Activation of the insulin receptor by autophosphorylation. D) Deactivation of the
insulin receptor for regulation of the glucose uptake by the enzyme LMPTP (Low molecular weight protein
tyrosine phosphatase).

The target molecule of this work, the low-molecular protein tyrosine phosphatase plays a role
in the insulin signaling pathway.®") Activated by insulin binding, the insulin receptor
autophosphorylates and starts a signaling pathway resulting in glucose uptake of the cell via the
GLUT4 glucose transporter (Figure 11A) to regulate the glucose level in the blood.®!) As its
antagonist, LMPTP deactivates the receptor by dephosphorylation to regulate the level of
glucose uptake (Figure 11C).% In type 2 diabetes, insulin resistance of the insulin receptor
leads to reduced glucose uptake, which can lead to severe health issues (Figure 11B).22 LMPTP
is known as a target against type 2 diabetes and thereby to prevent high-fat diet induced obesity,

which is part of the metabolic syndrome.®! STANFORD et al. could show that mice without
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LMPTP activity could be protected from insulin resistance.® With a small molecule acting as
uncompetitive inhibitor, the phosphorylation of insulin receptors in the liver could be increased
and the high-fat diet-induced diabetes reversed.!®¥ This indicates a new possible treatment for
diabetes type 2.%%1 In addition, these inhibitors were used to prevent lipotoxicity in the liver-
based HepG2 cell line after overdose of fatty acids in the context of treatment of non-alcoholic
fatty liver disease.!® This well-studied system with a core structure with known inhibitory

activity!® should be used in this work for a screening for improved inhibitors.

Due to the catalytic activity of the enzyme, the resulting signal of a small amount and
concentration of the enzyme as well as the inhibiting compound can be used to analyze the
substrate transfer with a colorimetric or fluorescent readout. Furthermore, the conversion rate
is strongly dependent on the activity of the enzyme and can be therefore used to indicate the
inhibitory activity of the compound. When compared to a starting material, a library of varied
molecules can be added to different spots and the best inhibiting compound can be easily
detected. Thinking further, a whole library could be synthesized and directly analyzed if the
impact of the starting material, reagents and solvent on the enzyme can be excluded in a control
assay. If the activity of the enzyme can be maintained even though some additional chemicals
are present in the buffer, this combined synthesis and assay could not only save a lot of time
and resources by avoiding transfer steps between synthesis and assay, but also serve as a readout
of the chemical yield when comparing different reaction conditions with the same starting

material.
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Figure 12: Goal of the project was to combine a synthesis, characterization and activity testing step on the DMA
to miniaturize the whole screening process and reduce unnecessary transferring steps by simply adding reagents
with a liquid dispenser.

The aim of this project was to transfer and combine the whole pipeline for the first inhibitor
screening to the miniaturized DMA platform and is summarized in Figure 12. This screening
includes first the synthesis of a library of possible inhibitors based on the known core structure
and a following enzymatic assay to test the inhibitory activity of the synthesized compound. In
addition, MALDI-MS should be investigated as structural analysis tool in small scale and
high-throughput format.

The biochemical screening was adapted from a procedure performed at SANOFI based on
STANFORD et al.®¥ At SANOFI, several potential inhibitors were synthesized with an O-(7-
Azabenzotriazol-1-y1)-N,N,N’,N’-tetramethyluronium-hexafluoro  phosphate (HATU) -
mediated amide coupling step in 1 mL batches with 0.1 mmol of the acid 10 as starting material
and purified by HPLC. Two model inhibitors (12a, 12b) based on acid 10a were provided by

SANOFI as pure compounds and were used as control reagents in this work.
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Figure 13: Reaction scheme performed at SANOFI. A) The acid could be used with varied head group (green) and
with the acid group in either para or ortho position (red) with different amines (blue) to create a library. Amines
were used in 1.50 equiv. or higher excess for volatile amines. Reaction scale was 0.10 mmol with 0.1 M acid
concentration. B) Core structure of the acid 10a and two amides 12a and 12b which were used for synthesis and
assay optimization.

The pure compounds were dissolved to give a 10 mM stock solution in DMSO and added to a
1536 well plate for the enzymatic assay in the original workflow at the SANOFI lab. 5 nL of the
10 mM of a stock solution was added to each well and the assay was performed using 4 pL of

buffer containing enzyme and substrate with a fluorescent readout wusing

8,6-difluoro-4-methylumbelliferyl phosphate (DiFMUP).

3.1.2 The First Enzymatic Assay on the Droplet Microarray

After having used the DMA for several biological applications like culturing of cells,!*"]
zebrafish>®! and bacteria,®!! a biochemical readout was still missing. Therefore, the first step in
the project was to perform the first enzymatic assay on a DMA. With the overall aim of
combining chemistry and biology, the dendrimer DMA was chosen, as it showed good
compatibility with organic solvents in chemical reactions as well as with aqueous solutions. In

the first step, the assay should be transferred from the microtiter plate to the DMA, including a

suitable readout method.

The assay was first performed on spots with a diameter of 2.83 mm to test the proof of principle.
The 5 x 16 spots were arranged on the 7.5 x 2.5 mm glass slide in the same format as wells in
a 384 well plate and volumes between 1.5 to 6 pL could be added manually with a pipette. The
p-nitrophenyl phosphate (p-NPP) assay protocol was adapted from STANFORD et al.,** which
is based on a colorless substrate p-NPP (13), which is dephosphorylated by the active
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phosphatase to p-nitrophenol (15a)(Figure 14). This can then be transformed into a yellow dye
p-nitrophenolate (15b) by addition of 1.0 M sodium hydroxide (NaOH) solution to increase the
pH value after the incubation with the protein.®”! This end-point assay has the advantage that
the enzymatic reaction is stopped at a certain time point before the readout. The yellow dye can
be detected by measuring the absorbance at 405 nm. If the protein is inhibited by an inhibitor,
the substrate is not transferred and the phosphorylated compound stays colorless upon pH

change.

15b

Figure 14: P-NPP-based phosphatase assay. A) The colorless substrate p-NPP (13) is converted by the phosphatase
(LMPTP) into the dephosphorlylated p-nitrophenol (15a). This it then transformed into the yellow p-nitrophenolate
(15b) anion by addition of 1.0 M sodium hydroxide solution resulting in a strong absorbance at 405 nm.

For the first experiment, volumes were slightly reduced compared to a microtiter plate by
adding first 1.5 pL of enzyme buffer to the DMA and after 30 min incubation 1.5 puL of the
substrate buffer. This mixture was further incubated for 60 min at room temperature in a closed
petri dish, before the reaction was stopped by addition of 3 uL 1.0 M aqueous NaOH solution.
All volumes were added with the liquid dispenser CERTUS FLEX. To image the assay, an adapter
created for this application by DR. MAXIMILIAN BENZ was used. In this adapter, two slides could
be sandwiched in the center of a plate with the dimensions of a standard microtiter plate. This
setup showed several beneficial features. On one hand, this could be used to quench the assay
slide in a single step by sandwiching with a slide containing 3 uL 1.0 M NaOH droplets.
Furthermore, the merging of the droplets results in a liquid bridge between the two slides with
a constant distance and flat surface given by the patterned spots on the transparent glass slides
as it is schematically shown in Figure 15B. With this setup, the DMA could be analyzed by a
conventional plate reader in a 384-well format and the absorbance at 405 nm was measured.
Figure 15A shows the adapter containing two slides with 6 pL droplets in-between when loaded

to a plate reader.
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Figure 15: Analyzing a Droplet Microarray with the plate reader. A) Image of two sandwiched slides in the 3D-
printed adaptor before analyzed with the plate reader. B) Scheme of the profile of droplets between two glass
slides, which is used to form a plane solution film with a constant distance. The adaptor is adjusting the spots in
the same position as in a 384 well plate.

As the plate reader was developed for microtiter plates, the scanning unit is limited for
microtiter plate frames. Furthermore, for a reliable readout a flat surface and fixed height are
required. Therefore, this readout method was not suitable for further miniaturization down to
900 um diameter spots, which are not comparable to any microtiter plate format. For
colorimetric readouts, a new method had been developed based on the use of a document
scanner.[®”) The slide is imaged in color mode with variable light intensity as presented in Figure

16.

Figure 16: Document scanner as imaging option for Droplet Microarrays. Adapted from WIEDMANN et al.1?!

The colored image was subsequently analyzed by MARCEL SCHILLING in the group of PROF.
MARKUS REISCHL with a preliminary version of the GRID SCREENER as described in Figure 17.
The spots were detected in the center of each droplet to avoid the dark borders of each droplet.
After that, the mean color was determined for every spot and transferred into a value ranging

from zero for colorless droplets to 0.07 for yellow-colored droplets.
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Figure 17: Image Analysis after Scanning. A) Scanned image of the slide with 2.83 mm diameter spots. B) Grid
detection for following image analysis. C) Color detected for every spot. D) Color intensity detected for every spot
on a scale from zero to 0.07.

The first results of an enzymatic assay performed on the DMA are presented in Figure 18. For
a variation of enzyme and substrate concentration, the color intensity is given in artificial units
with different scale bars for the scanner (red, left) and plate reader (green, right). The low
control is containing only substrate without enzyme and shows negligibly higher signal

intensity than the buffer control, indicating that the color change upon substrate conversion

solely takes place in presence of the enzyme (Figure 18B).
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Figure 18: Results of different detection methods for the p-NPP assay on 2.83 mm spots on the DMA. A) Intensity
values detected by the Scanner (red) and Plate Reader at 405 nm (green) for different assay conditions (right). The
substrate concentration was set to 8 uM (blank) or 16 uM (hatched) and the enzyme concentration was changed as
indicated on the x-axis. The solutions were added with the liquid dispenser except for the “manual” spot, where
the solution was pipetted manually. The same slide was first analyzed with the plate reader and imaged by the
scanner. B) Schematic description of different setups and the expected assay result.

As expected, the increase of the enzyme concentration leads to an increased signal, while the
substrate concentration did not significantly increase the intensity. This can be explained by a
high initial substrate concentration of 8 uM to focus on a non-competitive inhibition mechanism.

Despite the two different scale bars, the difference between buffer, low and high controls are
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much higher for the scanner, which shows that the sensitivity is higher for the plate reader. This
can be also described by the Z’ value, which was described by ZHANG et al.®® and classifies
the performance of the assay based on the difference between high and low control in relation
to the standard deviation (Equation I). For the high enzyme concentration, the Z’ value is higher
than 0.95 for the plate reader and 0.88 for the results obtained by the scanner. Both are classified
as excellent assay according to Table 2. For 0.3 ug/mL enzyme concentration, the Z’ value for
the plate reader evaluation is still higher than 0.83, while it is 0.47 for the scanner method,
indicating that the assay performance is only in the acceptable range. Though, the value would

be high enough to use this readout for further experiments.

7' =1 (3 * SDHig Control + 3 * SDLow Control)

|meanHigh Control — MeAN 4y control

Table 2: Classification of Z‘ values in assays by ZHANg et al.[®®)

Z° value Classification

z =1 Ideal assay
1>2>>0.5 Excellent assay
05>72>0 Acceptable

z =0 Yes/no type

7z’ <0 Screening impossible

Having the miniaturization and high-throughput application in mind, the reagents were added
with the liquid dispenser CERTUS FLEX. To avoid protein loss during dispensing due to
hydrophobic interactions and attachment to the valve and reservoir, the system was incubated
for 15-20 min with the buffer containing additional bovine serum albumin (BSA) and then
flushed with pure buffer before addition of the enzyme. As control, the solutions were added
manually to five spots. Only slightly lower signal intensity compared to the dispensed buffers
proves that the dispensing process does neither reduce significantly the protein activity nor its

concentration.

3.1.3 Downscaling and Readout Development

After successfully performing an enzymatic assay on the dendrimer modified glass plate, the
next step was to reduce the spot size and thereby increase the throughput and decrease the
material consumption drastically. Therefore, a new photomask was used to create an array of

16 x 64 round spots with a diameter of 900 pum. This allows to have 1152 spotsona 2.5 x 7.5 cm
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glass slide and results in 840 single reaction or assay experiments when the two outer rows are

subtracted for buffer or solvent reservoirs due to the fast evaporation.

The assay was performed with the same conditions as described above, but the volume was
reduced by the factor 50 to 120 nL in total. Even though there was no color development
observed by eye, the slide was imaged with the document scanner. After color evaluation by
MARCEL SCHILLING and PROF MARKUS REISCHL, the intensity values did not vary significantly,
which lead to the conclusion that the sensitivity of this method for small volumes is not
sufficient. These results were confirmed with Z’ values in the negative range, which clearly

shows that the readout is not suitable for this assay.
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Figure 19: P-NPP assay on 900 um spots. A) The calculated signal intensity is presented for samples containing
enzyme (green) and without (red) for different concentrations of enzyme and substrate described on the x-axis.
The values are calculated as mean values from 12 different spots with standard deviation. B) Scanned image of
the analyzed part of a slide with columns of high (green) and low (red) control, within one square the conditions
are used as following: (1) 0.18 pg/mL enzyme, 8 mM substrate, (2) 0.18 pg/mL enzyme, 16 mM buffer, (3) 0.35
pg/mL enzyme, 8 mM substrate, (4) 0.35 pg/mL enzyme, 16 mM substrate. Scale bar is 3 mm. C) Zoomed region
of square 2 with a high (left) and low control (right) row. Scale bar is 1 mm.

To achieve higher sensitivity, a new readout method had to be developed. As another well-
known phosphatase substrate, DIFMUP (16) can be transformed from colorless to a fluorescent
molecule 17 with an excitation wavelength at 360 nm and emission at 460 nm (Figure 20). This
corresponds to the “blue” channel of a fluorescence microscope. The substrate is converted by
proteases with higher efficiency, thus, the substrate and enzyme concentrations can be reduced

compared to p-NPP-based assays to 0.029 pg/mL enzyme and 200 um DiFMUP.[®!
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16 17

Figure 20: DiFMUP-based phosphatase assay. A) The colorless DIFMUP (16) is dephosphorylated by the active
LMPTP, resulting in a fluorescent dye 17 with Aex = 360 nm, Aem = 460 nm.

Images of the resulting fluorescent droplets are presented in Figure 21. There images were taken
with a digital microscope, which can be used to image three-dimensional objects like droplets.
This effect can be visualized best by imaging with a tilted objective in Figure 21A. Because of
the special setup, the uv light source can only be placed next to the sample, which can result in

variation of intensities depending on the position of a slide.

Figure 21: Fluorescent droplets on the Droplet Microarray. The DiFMUP-based assay performed in 100 nL on 900
pm spots. The slide was imaged with a digital microscope with (bottom) and without (top) additional light source
and with tilted microscope head (A) and from top (B-D). Scale bar is 1 mm for all images.

Therefore, a confocal fluorescence microscope was used to image the assay on the DMA for
further evaluation. For improved reproducibility, the focus was set on the border of the droplets
on the glass slide, resulting in a ring at the border of the droplets representing the fluorescence
of the droplet (Figure 22A). Using the GRID SCREENER, the spots were detected using the
overlay image of the brightfield and blue channel and the mean signal intensity of the respective

fluorescence channel was determined as presented in Figure 22.
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Figure 22: Assay detection and image processing using DiFMUP. A) Blue fluorescence channel of a part of a slide
containing high and low controls as well as inhibitors in different concentrations. B) Overlay of fluorescent and
brightfield channel. C) Detected grid by Grid Screener. D) Intensity evaluated by the fluorescence detection tool
of the GRID SCREENER. Scale bar is 2 mm.

At low concentrations, evaporation becomes more and more crucial, especially for the
fluorescence analysis of the droplets. The initial setup for incubation of the assay on the DMA
was a closed petri dish with a water-soaked tissue sticking to the lid and 5 mL of water
distributed on the bottom of the dish (Figure 23A). The slide was placed inside the petri dish
after addition of the enzyme and the lid was exchanged with a new one for microscope imaging.
Despite those measures, the outer droplets showed significant evaporation effects, even the ones

within the two outer rows of buffer as shown in Figure 23D.
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Figure 23: Setup for assay incubation on the DMA. A) Scheme of initial setup with tissue sticking to the lid and
water added to the bottom part. B) Petri dish with soaked tissues on the bottom and the lid. C) Setup for microscopy
with the sticky chamber. D) Slide imaged after incubated in a chamber described in A). E) Slide imaged after
incubation described in B) and C). Scale bar is 1 mm.

To overcome this, a second tissue was placed on the bottom of the petri dish and both were
soaked with 8-10 mL buffer solution to ensure that the whole atmosphere is saturated with the
assay buffer (Figure 23B). For imaging, the slide was placed in a fresh petri dish and a so-called

sticky chamber consisting of a second glass slide and a thin, sticky polymer band was used to
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cover the surface without touching the droplets (Figure 23C). This reduced the evaporation
effect to a negligible level as shown in Figure 23E, especially when the replicates were

distributed over the whole DMA to compensate slightly higher evaporation in the outer regions.

3.1.4 Reaction Readout with the Enzymatic Assay

The first aim was to make sure that the controls are resulting in a bright fluorescence for the
active enzyme in the high control without high background noise to result in a good Z’ value.
To favor a non-competitive inhibition mechanism, the substrate was used in comparably high
concentrations, which was known to cause background signals. In addition, all reagents used in
the synthesis step to create the library of amides were tested if they showed an impact on the
assay. In most established screenings, the new compounds are first synthesized and then
purified by chromatography to gain a pure analyte. This purification step requires a complex
setup, handling of the reagents and can only be done for one compound at a time. Therefore,
the assay was planned to be performed directly after the synthesis without any manual
purification step. After ending the reaction, the solvent should be removed under reduced
pressure, but other reagents as the coupling reagent HATU and its byproducts, the base
diisopropylethylamine (DIPEA) and the additive 4-dimethylaminopyridine (4-DMAP) as well
as side products like the urea obtained from the coupling step and some starting material were
still present on the spot. For assay development, the control inhibitor 12a and acid 10a (Figure
13B) were used. Stock solutions of the compounds were diluted in DMF and then dispensed,
but without addition of amine to test the reaction solution without product formation. As shown
in Figure 24A, all reagents used in the reaction were dispensed on separate droplets or in
mixtures to test their possible impact on the enzymatic activity or on the substrate conversion.
The latter one was shown by adding the reagents to the low control, without having any enzyme

present.

34



Results and Discussion

180
169 [ Jhigh
[ tow

140 S 1
120

Low control

-

o

o
1

High control

60

404 ‘ Inhibitor
20 ﬂﬂ
0-

D Q S o
PRSI &
S

Intensity [arb. units]

A B

X N
’bc' 60 0\6

C} s
\2\ O @ N

Figure 24: Fluorescence-based assay with reaction controls. The signal intensity for high (dark green, hatched)
and low (dark red, hatched) control for an enzymatic assay with 0.029 pg/mL LMPTP and 400 uM DiFMUP are
shown. In addition, the different reagents were added in the respective concentrations to the different spots and the
signal intensity after addition of enzyme and substrate (light green) or only substrate (light red) were imaged after
1 h incubation. Acid 10a 12.5 uM (1.00 equiv.), HATU: 13.75 uM (1.10 equiv.), DIPEA: 62.5 uM (5.00 equiv.),
3.13 uM 4-DMAP (0.25 equiv.), reaction: mixture of all mentioned compounds, amide 12a 12.5 pM B) Schematic
representation of expected fluorescence signals for the different controls.

The first two bars in Figure 24 A represent the high and low control and showed a high signal
difference with a Z’ value of 0.733, which is defined as excellent assay. This highlights that the
enzyme is active also in the miniaturized format in 100 nL droplets and can be used for
evaluation of different inhibitors with the suitable readout. The low signal from the low control
without enzyme confirms that the signal is based solely on the enzymatic activity and that there
is no crosstalk between highly fluorescent droplets and ones without fluorescent dyes, despite
the absence of any non-transparent physical barrier compared to microtiter plates optimized for

enzymatic assays.

Compared to the high and low control without addition of any reagents, the signal intensity did
not change significantly for the spots with the reagents and therefore main side effects by the
chemicals on the assay performance could be excluded. The only compound that clearly showed
an inhibitory effect was the acid 10a as starting material. Due to the core structure, which was
known to show some inhibitory effects,[®¥ this was no surprising finding. To determine the
yield of a reaction by measuring the amount of synthesized inhibitor, this initial inhibition for

zero percent reaction yield therefore needed to be included in the analysis.
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Figure 25: Enzymatic assay with two different inhibitors. A) The signal intensity calculated from the fluorescence
image for high (dark green, hatched) and low (dark red, hatched) control. Acid 10a (light green) and Amide 12a
(light red) were added in different concentrations as indicated on the x-axis. B) Inhibition calculated from the
Intensity. High and low control are not presented as they are used in the calculation.

The results of the next assay, investigating on the relation of the inhibitory activity of starting
material acid 10a and product 12a are presented in Figure 25. The model inhibitor amide 12a
and the respective starting material acid 10a were added in different concentrations to analyze
their difference in inhibitory activity. As expected, the signal intensity was decreasing with
increased inhibitor concentration for both compounds. For better visualization, the inhibition

rate was calculated based on following equation II:

compound — mean
% Inhibition = 100 — ( P low control 100)

MEANpgh control — MEAN 4w control

II
Despite the fact that the acid shows weaker inhibition, resulting in a higher signal intensity
compared to the amide at same concentrations, this difference decreases with increasing
inhibitor concentration. The challenge that arose from those results was the low difference in
signal intensity between the starting material and product to use the assay as readout for the
reaction yield. To compare not only the signal intensity of starting material and product, a so-
called artificial yield was prepared and screened with the assay. For that, the two compounds
were mixed in different ratios as described schematically in Figure 26B, mimicking a reaction

with less than 100% conversion.
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Figure 26: Yield estimation for the enzymatic assay. A) The signal intensity is given for inhibitor mixtures
representing different artificially obtained yields for two different total concentrations (red/green). Percentage of
amide 12a is shown on the x-axis. B) Scheme explaining the idea of artificial yield by mixing the starting material
(acid 10a, green) and product (amide 12a, red) in different ratios by maintaining the total amount of material per
spot. C) Inhibition is given for different percentages of amide in the mixture with acid.

These low differences for yields higher than 50% in the assay with 30 uM inhibitor, but also for
a lower concentration showed that this setup was not suitable for reaction optimization to
identify not only the best hit, but also the best reaction condition to synthesize the hit compound.
Hence, the conditions for the assay itself was varied to achieve an increased sensitivity to

differentiate between the different ratios of amide to acid.

As a possible solution for that problem, the incubation time after addition of substrate was
increased to aim for higher differences between the partially inhibited enzymatic activity.
Therefore, the assay was prepared with three different concentrations of acid 10a as starting
material and amide 12a as potential product and the slide was imaged after one, two and three
hours. The results are summarized in Figure 27, showing a total increase in signal intensity after
one hour based on the fact, that in general more substrate was converted. A higher signal
intensity was observed for all spots containing enzyme, so that the signal intensity difference
between acid and amide samples was not substantially increased. To analyze that, the
differences of signal intensities were calculated as absolute values and in relation to the signal
intensity of the acid, which does not show a high increase after prolonged incubation.
Furthermore, the aspect of evaporation needs to be taken into account for longer incubation
times. With increasing incubation time, even a low evaporation rate can lead to major side
effects and reduce the reliability of the readout. Therefore, the drawbacks in comparison to the

low increase in signal difference were too high.
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Figure 27: Increasing the incubation time. A) The Signal intensity obtained from an assay with 0.029 pug/mL
enzyme and 200 uM substrate per spot. Acid 10a (light green) and amide 12a (light red) were added in the given
concentrations and the DMA slide was imaged after 1, 2 and 3 hours after addition of substrate. For 0 uM inhibitor,
the high (dark green) and low (dark red) controls are represented. B) For 12.5 uM inhibitor, the inhibition was
calculated for acid (green) and amide (red). C) For 12.5 uM inhibitor, the difference between acid and amide signal
was determined in absolute arb. units (hatched, left) and relative (black, right) by dividing the difference by the
inhibition of the amide.

The next approach for a higher signal difference between acid 10a as exemplary starting
material and amide 12a as possible product, the concentration of enzyme was increased. For
maintaining the excess of substrate, the concentration of DIFMUP was increased in the same
ratio. As shown in Figure 28A, the difference in inhibition was increasing with higher

concentrations of enzyme.

The idea of increasing the enzyme concentration might counteract the idea of miniaturization,
but still, with the volume decrease by factor 40, an increase in enzyme concentration can be
tolerated. The best compromise of signal difference and used amount of enzyme was found to
be at a final concentration of 0.145 pg/mL LMPTP. Despite increasing the enzyme
concentration by the factor five, the miniaturized format leads to reduced usage of eight time

less enzyme.
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Figure 28: Increasing the enzyme concentration. A) Variation of enzyme concentration. The intensity for high
(dark green) and low (dark red) control as well as 12.5 pM acid 10a (light green) and amide 12a (light red) in an
assay with different enzyme concentrations. The concentration of substrate was increased by the same factor
compared to the enzyme. B) Variation of enzyme content with maintained substrate concentration of 0.145 pg/mL
assay. C) Assay with 0.145 ug/mL enzyme with inhibitors. Signal intensity for low (red) and high (dark green)
control as well as for different ratios of amide 12a and acid 10a (x-axis) at different overall concentrations (light
to dark green). D) Inhibition calculated from the results from C).

With this assay setup, first the dose-dependent signal intensity was tested by dispensing a
dilution series of the enzyme with the same amount of substrate (Figure 28B). The decrease of
signal intensity in correlation with the reduced amount of enzyme, shows that the assay can be
used as readout for the amount of active enzyme in the droplet at this concentration. Next, the
artificial yield was tested again as described before by mixing acid 10a and amide 12a in
different ratios. This was performed for different overall concentrations of 6, 12, 15 and 18 uM.
The results obtained from this assay are presented in Figure 28C and D. When comparing the
inhibition for 12 uM concentrations, the inhibition ranges from 80% for 100% amide 12a to
54% for 0% yield, allowing a much better distinction of intermediate yields compared to the
assays with 0.029 ng/mL enzyme in Figure 26. What can be also seen in Figure 28D is the fact,
that the difference of inhibition for different artificial yields strongly depends on the

concentration of the inhibitors, resulting in the lowest difference between 84% and 65% for
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18 uM concentration with 22% inhibition reduction, while the inhibition for 6 uM is decreased
by 50% from 61% for amide 12a to 30% for the acid 10a. This means, that the higher enzyme
concentration allows a better distinction between a starting material and product. Furthermore,
a reduction in analyte concentration leads to better readouts. The problem behind this is the
fact, that the reaction is performed on the same spot, in the amount that will be used in this
assay. As higher concentrations are required in general in the reaction solution, the reaction was
performed in 50 nL, while for the assay 100 nL of buffer was used. With that, a 1:2 dilution
effect was achieved without taking manually parts of the compound from the spot. A higher
degree of dilution was not possible due to the technical restrictions of a maximal buffer volume
of 100 nL that could be used on the droplets without merging. For the reaction volume, the
minimal volume of 10 nL was set by the liquid dispenser. To mix several different solutions
and avoid evaporation during the dispensing steps, 50 nL was used as minimal volume for the

reaction.

Finally, the enzymatic assay could be used as readout for a small screening of reaction
conditions for the on-chip synthesis of amide 12a. To this end, the acid was dispensed with
1.00 pmol per spot, resulting in a reaction concentration of 20 uM in 50 nLL. DMF and an assay
concentration of 10 uM in 100 nL. DIPEA was added with 5.00 and 10.00 equiv., HATU in
three amounts of 2.00, 2.50 and 3.00 equiv., 4-DMAP was used with 0.25 equiv. for all reaction
steps and diethylammonium hydrochloride (18b, see following chapter for elucidation) was
added with 1.50 and 3.00 equiv.. DIPEA,4-DMAP and HATU were premixed in the required
ratios and acid was added separately. After 20 min incubation in a petri dish with DMF saturated
atmosphere to avoid evaporation, the amine was added in different amounts and the slide was
placed back and incubated overnight at room temperature in the petri dish. Afterwards, the
solvent was evaporated, additional controls were dispensed and, after a second evaporation step,
the assay was performed with the 0.145 pg/mL concentrated enzyme and 1 h incubation after
addition of 1.00 mM substrate. All following results presented in Figure 29 were obtained from

one single experiment.
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Figure 29: Reaction test with enzymatic readout. A) Signal intensity from the assay is given for different reaction
conditions. The reaction was performed with 20 pM acid 10a in 50 nL, resulting in 10 pM acid/amide mixture in
the assay. The equivalents of amine — HATU — and DIPEA are given on the x-axis, 0.25 equiv. 4-DMAP were
added to all reaction spots. B) Example of different controls for a reaction using 3.00 equiv. amine 18b, 2.50 equiv.
amide and 10.0 equiv. DIPEA. The pure acid 10a (green) and amide 12a (red) are highlighted. The reaction is
shown without (0 h) or overnight incubation, and the reaction mixture was additionally dispensed with the amide
instead of the acid (reaction + amide) and as described on the graph. C) Signal intensity for artificial yield, given
as % of amide 12a. D) Control spots with evaporated DMF or without any treatment.

In Figure 29A, the signal intensity for the different reaction conditions is shown. The signal
intensity from the acid 10a control is shown as green line at 35.7 arb. units, indicating no
significant product formation and the red line at 19.3 arb. units represents the signal intensity
of 10 uM amide 12a, which would indicate 100% conversion of acid 10a to the product 12a.
The signal intensities of all reaction steps can be found in between those two lines, which
indicates that the assay readout showed reliable results. Also, the significant reduction in signal
intensity for increasing concentration of the base DIPEA as well as coupling reagent HATU
shows that the reaction gives higher yields for higher concentrations of reagents. Though, the
yield seemed to be quite low, as the signal intensity for the best conditions of 3.00 equiv. amine,
3.00 equiv. of HATU and 10.0 equiv. of DIPEA is at 25.9 arb. units, which correlates with a
yield of 25-50% in the control spots (Figure 29C). That the enzyme inhibition is not caused by
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any side effect of the reaction, but is solely based on the product formation is again shown for
one example in Figure 29B. There, the starting material, highlighted in green, is compared with
a reaction that was stopped by evaporation of the solvent immediately after dispensing, the
reaction solution and the pure inhibitor. In addition, the reaction was dispensed without addition
of amine, without the addition of acid and without acid and amine. The high intensity for the
last two samples shows that the main inhibition is caused by the acid and not by any additional
side reaction of the coupling reagents. The intensity for the sample without amine is slightly
lower than the acid only, which could indicate that there might be a side reaction of the acid
with other compounds in the reaction mixture, resulting in a slightly more potent inhibitor
compared to the acid. For the reaction, also all empty spots are covered by DMF to prevent
evaporation. By leaving several spots free, the high and low controls were compared to those
where DMF was added and evaporated before. There is no significant difference between those
controls, indicating that the solvent can be completely removed by evaporation and does not

show any impact on the assay results.

The enzymatic assay was herewith successfully transferred to the DMA, miniaturized to 100 nLL
droplets in an 18 x 64 array on a microscope glass slide and used as readout for a chemical
reaction from a carboxylic acid to an amide. By the decrease of enzymatic activity, the
improvement of the inhibitory potential of the new compound could be analyzed, if compared
to the acid without modification. Furthermore, if the same compound is synthesized on several
spots with different reaction conditions, the highest yield can be identified by comparing those
different spots resulting in the same product, as shown in Figure 29. Still, this assay can only
give an information about the increase in inhibitory activity and therefore, some additional

methods were required to characterize the chemical reaction.

3.1.5 Reaction Optimization Using LC-MS

After establishing the enzymatic readout to estimate the yield of the amide synthesis, this
reaction was investigated more detailed. A useful possibility to analyze low amounts of crude
reaction mixtures in regard of their components and their ratio is LC-MS. The mixture is
separated in a reversed phase column and the retention time can be used to identify a compound
in comparison to a control analyzed under the same conditions, which is in addition analyzed
by a mass detector. Furthermore, the peak area corresponds to the amount of analyte and can

therefore be used to estimate the ratio between structurally similar compounds.
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Due to limited sensitivity of LC-MS, the first reaction tests were performed in 5 pL on a
dendrimer DMA slide with 2.83 mm round spots. Adapted from the original protocol, a 10 mm
reaction mixture of acid 10a, containing 1.50 equiv. of the amine 18, 1.10 equiv. HATU,
5.00 equiv. DIPEA and 0.25 equiv, 4-DMAP. The amine was first pipetted to five spots in the
first row and the reaction solution containing all remaining compounds was added to those spots
and three additional neighboring rows (Figure 30A, green/grey). The DMA slide was placed in
a closed petri dish to prevent evaporation and incubated over night at room temperature. Two
spots were collected for LC-MS measurements, the spots were washed with additional DMF
and diluted with water. For evaluation, the peak areas in the total ion chromatogram were

compared.
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Figure 30: LC-MS analysis of amine impact. A) schematic description of the experimental setup. Reaction solution
containing acid 10a, DIPEA, HATU and 4-DMAP was added to four rows of 2.83 mm spots on the DMA. To the
first row (A), diethylamine (18) was added, to the last one (D) N,4-dimethylcyclohexan-1-amine (19b) was added
and the reaction was incubated. B) Peak area of the different m/z signals for acid 10a (grey), Amide 12a (green)
and Amide 12b (red) obtained from the TLC are given for two spots collected from each row (x-axis). The three
diagrams represent different reaction conditions, where only amine 18 was used, without addition of amine 19
(top), where both amines were added together with the reaction solution in the respective spots (centre) and where
the amines were added after 15 min (bottom).

As shown in the first chart in Figure 30B, the product 12a was detected at the spot from row A,
showing a signal at 445.2 m/z in the mass spectrum of a peak after 3.64 min ([M+H]"). The
conversion seemed to be quite low, as the peak of the starting material 10a (m/z =390.2,

[M+H]") at 3.16 min was very high. This ratio between acid 10a and amide 12a was also
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confirmed by the absorbance chromatogram, which showed lower sensitivity and was therefore
not used for final comparison. Interestingly, the product mass was also found on all neighboring
spots in rows B-D, where the amine was not added. This can be explained by the high volatility
of diethylamine (18) (see Table 3), as the reaction spots were spatially separated by the
omniphobic borders, but still in close proximity and without any physical barrier which could

prevent gas exchange.

To further investigate on the effect of contamination, the second amine 19 was added in addition
to the last row of the 4 x 5 array as described in the scheme in Figure 30A. The results are
shown in Figure 30B in the second graph. The product signal of amide 12b (m/z = 499.3,
[M+H]") after 4.12 min could be clearly identified as main peak in row D, with some starting
material left. But even in this case, there were traces of amide 12a detected, as on every spot.
Also in the third row, the amide 12b was synthesized, indicating also a contamination with
amine 19 despite its lower volatility with a boiling point at 166 °C.

Table 3: Amines used for the reaction and their boiling points.

Boiling point [°C ] Free amine HCl salt

Diethylamine 56[%01 3200901

N,4-Dimethylcyclohexan-1- | 166 (est.)" -

amine
To prevent the contamination effect of the amines, the addition order was changed in the last
experiment. Here, the reaction mixture was added to the spots first, in order to ensure the
formation of an active ester. This active species might then directly undergo the amidation after
addition of the amines to the droplets. The results in the third graph in Figure 30 indicate a
higher conversion rate for amide 12a, but also in the neighboring spots with a gradient of
decreasing conversion with increasing distance to the spot of origin. The results for the second
amine 19 are similar with low conversion in the directly neighboring spots, but show a lower
conversion rate for the original spots in row D. This might be due to handling difficulties, as all

addition and collection steps were carried out manually using pipettes.

In summary, there was a significant contamination by the amines observed, which correlated
on the one hand with the distance, showing decreasing signal intensities for diethylamine (18).
On the other hand, the contamination effect decreases with the boiling point of the amine and
therefore its volatility, as the N,4-dimethylcyclohexan-1-amine (19) only shows products in the

directly neighboring spot compared to diethylamine (18). This offers the chance to prevent this
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side reaction in neighboring droplets by using the amines as ammonium salts, which are known
to have a much higher boiling point. The base DIPEA, which is used in the reaction in excess
could be also used to create the free amine in situ, in low concentrations, which can directly

react with the active ester in the droplet.

An additional point to consider was the distance factor. In the setup with 2.83 mm diameter
spot, the distance between the border of two droplets is at least 1.5 mm. At the aimed 900 um
diameter DMA, the spots are very dense with distances of 225 pm. Furthermore, the ratio of
the surface area of a droplet compared to its volume increases with decreasing droplet size, so
the problem of volatility becomes even more important. Hence a new reaction readout for
downscaled synthesis was required to test the hypothesis of ammonium salts in the final size

scale.

3.1.6 MALDI-MS Measurements for Small-Scale Reaction

For direct chemical analysis on the Dendrimer-DMA slide, MALDI-MS measurements were
performed. Based on previous work, where the detection of lipids was shown for low amounts
down to low femtomoles on 900 pm diameter spots, the measurements were optimized for this
setup of small molecules. The measurements in this work were performed in collaboration with
the group of PROF. CARSTEN HOPF at the CENTER FOR MASS SPECTROMETRY AND OPTICAL
SPECTROSCOPY (CEMOS), UNIVERSITY OF APPLIED SCIENCE in Mannheim. All measurements
and preliminary evaluation of the acquired data were performed by DR. STEFAN SCHMIDT

(CEMOS, UNIVERSITY OF APPLIED SCIENCE, Mannheim) or by students under his supervision.

In the first measurement, the limit of detection, optimal matrix molecule and its concentration
was evaluated. As representative analyte, amide 12b was dispensed in different concentrations
on the DMA, the solvent was evaporated and a-cyano-4-hydroxycinnamic acid (HCCA) was
added as matrix in an acetonitrile (ACN)/water mixture (1:1). Due to the
omniphilic/omniphobic surface properties, the solution formed stable droplets on the DMA,
despite the low surface tension of acetonitrile. Because of the high volatility of acetonitrile, the
solvent evaporated immediately during the dispensing process. To ensure that the analyte was
well dissolved and could co-crystallize with the matrix molecules, ACN/water mixture was
dispensed to several spots again to redissolve matrix and analyte molecules. This led to less
homogeneous matrix crystals and was therefore not considered in further experiments Figure

31B.
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Figure 31: MALDI-MS results for matrix and analyte concentrations. A) Amide 12b was dispensed in different
concentrations from 1250 to 6.26 fmol/spot (left to right) and HCCA was added in different concentrations from
6.25 to 0.625 nmol/spot (bottom to top, 2 rows as replicates). Shown is the ion map for the same position on the
DMA for following signals: matrix (left, m/z = 190.05 +/- 0.03, [M+H]"), Amide 12b (center, m/z = 499.31 +/-
0.03, [M+H]") and Amide 12a (right, m/z = 445.27 +/- 0.03, [M+H]"). +/- 0.03 represents the tolerance in the ion
image. Scale bar is 1 mm. B) Scanned image of one row with different matrix concentrations (increasing left to
right). The matrix was dispensed (top) and for one row, 50 nL. of ACN/water mixture was added again after
evaporation (bottom) to test optimal crystallization conditions. In the middle, a zoomed image of a spot is shown
without (left) and with (right) addition of additional solvent. Images adapted with permission from DR. STEFAN
SCHMIDT.

The DMA was analyzed with a BRUKER Rapiflex in positive ion mode. Although acids are
known to be detected in negative mode with the negatively charged carboxylate group, the
analytes used in this project are based on a core structure containing several amine groups,
which are prone to be ionized in positive mode. 0.1% trifluoroacetic acid (TFA) was added to
the matrix solution to support this process, which resulted in high signal intensities also for the

acid 10a.

Figure 31A shows the ion intensity image of the region of the DMA, where matrix and amide
concentration were varied resulting in a two-dimensional matrix. The ion maps result from the
MALDI-MS imaging of the whole DMA slide and represent the intensities for one m/z signal.
In the left part, the signal for HCCA matrix (m/z = 190.05 +/- 0.03, [M+H]") is shown, which
is increasing as expected with increasing matrix concentration, but also with decreasing
concentration of amide 12b (left to right). Latter one can be explained by quenching of matrix
signal with increasing additional analyte concentration. Furthermore, the shape of the spots is
clearly visible without showing any matrix signals on the omniphobic areas, indicating that
there is no leakage during any dispensing step. The image in the center shows the signal for the
analyte 12b that was added (m/z = 499.31 +/- 0.03, [M+H]") with intensity increasing with its
increasing concentration. Traces could be detected up to 6.25 fmol/spot, which highlights the

high sensitivity of this analytical method. The matrix concentration (top-bottom) does not show
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a significant impact on the signal intensity. As expected, the third ion intensity image does not
show any signal for m/z = 445.37 (amide 12a, [M+H]"), which was not added to the spot, to

demonstrate that there was no contamination with the different compound.

In the next step, a mixture of acid 10a and analyte 12a was added to the spots to mimic an
artificial yield. Figure 32 shows the ion intensity images for both analytes with decreasing
intensity for the signal of acid 10a and with increasing signal for amide 12a for higher yields.
As MALDI-MS requires additional standards and exactly reproducible ionization conditions in
terms of analyte and matrix crystallization,?!? it was not used to exactly calculate yields based
on this curve, but this experiment showed that both analytes could be detected in mixtures
without crucial quenching of their signals. The final goal was to use MALDI-MS in a semi-
quantitative manner, with heatmaps indicating if the product is either the main peak, detected

but in low intensity or not detected.

A B Acid 10a Amide 12b

Acid

Amide

Figure 32: MALDI-MS measurements of artificial yields. A) dispensing scheme showing the different ratios of
acid 10a and Amide 12b, every condition was dispensed in triplicates. B) Ion intensity image for acid 10a (left,
m/z=390.17 +/- 0.027, [M+H]") and amide 12b (right, m/z =499.31 +/- 0.03, [M+H]") for 1.25 pmol total amount
per spot. Scale bar is Imm. Image adapted with permission from DR. STEFAN SCHMIDT.

On the same slide, at last the reaction was performed in different concentrations with acid 10a
and amine 19 as well as amine 18b as hydrochloride salt. The reaction solution containing
1.00 equiv. acid 10a, 1.10 equiv. HATU, 5.00 equiv. DIPEA and 0.25 equiv. 4-DMAP was
dispensed in different concentrations to result in final reaction concentrations ranging from
416 uM (12.5 pmol/spot) to 0.42 uM (0.013 pmol/spot). To one part, the free amine 19 was
added and with one row containing no amine in-between, amine 18b hydrochloride was added
to the rows below. The signal intensities for the starting material 10a and both products 12a
and 12b are presented in Figure 33. For the three highest concentrations up to 41.7 uM, the
formed product was detected for the respective spots. The comparably high signal intensity for
acid 10a in the third column indicates a lower conversion with high amount of starting material
left. The missing signal for the two lower concentrations can be explained with the low

conversion rate for low concentrations in the reaction solution, as signals of the starting material
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are visible. In addition, the pure analyte was detected up to 6.25 fmol/spot, which is still lower

than 12.5 fmol/spot for the lowest reaction concentration.

Acid 10a Amide 12a Amide 12b
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Figure 33: MALDI-MS measurements of reaction and contamination. The reaction solution was added to all
columns in different concentrations, indicated by the grey arrow. To the top part (red), amine 19 was added and to
the bottom part (green) amine 18b was added in the respective concentrations, while one row was left without any
amine. The ion intensity images are shown for the same region for m/z=390.17 +/- 0.027 (left, acid 10a [M + H]"),
m/z = 445.37 (center, amide 12a, [M+H]") and m/z = 499.30 +/- 0.03 (amide 12b, [M+H]"). The four rows and
three blocks of five columns are replicates. For the reaction, the same equivalents as in chapter 3.1.5 were used,
based on the given amount of acid. Image adapted with permission from DR. STEFAN SCHMIDT.

Additionally, the signal distribution of both amides gave a clear information about the amine
contamination caused by the volatility. The amide 12b, resulting from the reaction with the free
amine 19, was detected in the row where no amine was added, but which was in close proximity
to the spots containing amine 19. Also, for the spots where amine 18b was added, traces of
amide 12b are visible. In contrast, the amide 12a, resulting from the ammonium salt 18b was
only detected in the spots where it was directly added. This indicated on the one hand, that the
reaction is also working with in situ transformation of the ammonium salt to the active amine,
but also on the other hand shows that this method can be used to avoid the contamination of the

neighboring droplets even in the small scale with 225 um distance between the droplets.

All these results were obtained from one single DMA slide within a single scan by the mass
spectrometer. Furthermore, all reaction tests were prepared with two different matrix
concentrations, where only the best results were used, and half of the slide was used to test
2,5-dihydroxybenzoic acid (DHB) as second matrix. Here, the matrix signals were not clearly
detected due to too low concentrations and non-homogeneous matrix crystallization. Those

results were not further evaluated.

The dendritic surface structure based on covalent reaction with oxygen groups on the glass
surface is also possible when ITO-coated glass slides are used. However, in this case the

patterned slides show slightly worse performance. Droplets formed on this surface seem to be
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less stable and lower volumes must be used to avoid leaking. To investigate if the ITO-coating
is strictly necessary for highly sensitive and exact measurements, their performance in MALDI-
MS were compared with normal dendrimer DMAs from glass slides. Amide 12a and HCCA
were dispensed on both slides as described before and analyzed. In addition, a conductive tape
was sticked to the back of the glass slide to allow discharge of the slide, which was presented
by WEISSENBORN et al./’”/ and WU et al.®) as possibility to measure MALDI-MS directly from
glass slides. The resulting mass spectra for the three conditions are presented in Figure 34A,

with a zoom into the region of the analyte signal.
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Figure 34: Comparison of different surfaces for MALDI-MS measurements. A) Mass spectra of amide 12a with
calculated m/z = 445.29 [M+H]" and HCCA matrix (m/z = 190.04 [M+H]") on a glass slide (top), glass slide with
conductive tape on the back side (middle) and ITO-coated glass slide (bottom). All slides were patterned with the
dendrimer modification. B) Zoomed region of the same spectra.

On all three slides, the analyte was detected, but with much lower intensity for the bare glass
slide, while the ITO showed the best signal. In addition to sensitivity, the accuracy of the
measurement is important to clearly identify the compounds. The mass resolution was very high
for the ITO slide, resulting in sharp peaks at the predicted position, while the spectra from the
taped glass slide shows slightly broader and shifted peaks. The glass slide led to very broad,
overlapping peaks with a high shift to a higher mass range. This confirms that the ITO coating
despite its challenge during the modification of the surface, is the best way to measure
MALDI-MS from DMA slides with the Rapiflex used in this work. As alternative solution,
different MALDI-MS devices like the timsTOF could be used.
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3.1.7 Reaction Screening with MALDI-MS Readout

After proving that the reaction is working in small scale with the hydrochloride salt of an amine
and that MALDI-MS can be used as direct readout, a first screening was performed on the DMA
slide. Additional acids with a slightly varied core structure were synthesized by SANOFI, but
were only available as either TFA or HCI salt due to the amine core structure. To see if the
additional salt shows any impact on the reactivity of the acid, the first variation in the screening
was to compare acid 10a in free form with both salts. Furthermore, two additional acids 10b
and 10c were chosen, where 10¢ was also added as TFA and HCI salt. To make sure, that the
MALDI-MS readout is comparable between the different starting materials, some compounds
were added in a dilution series on a slide and analyzed by MALDI-MS Figure 35. Free acid 10a
was compared with the two salts in Figure 35A, to test if the additional salt leads to different
signal intensities. The signal intensities did not vary significantly, while the salts tend to have
a slightly higher signal intensity at the same concentration. Figure 35B shows that the signal
intensity of the two different acids 10a and 10¢ is comparable, so that the same measurement
method could be used to compare different products from different acids. In Figure 35C, the
pure amide 12a was compared with a crude reaction mixture incubated before in a reaction
tube. The lower signal intensity can be explained by a conversion in the tube lower than 100%,
but indicates that none of the compounds in the reaction solutions leads to significant signal

quenching.
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Figure 35: Signal intensity for different acids and amides. All reagents were dispensed in different concentrations
on an ITO-DMA and analyzed via MALDI-MS after addition of HCCA matrix as described above. The signal
intensity is plotted against the analyte concentration. A) Acid 10a was added in its free form (grey) and as TFA
(green) and HCI (red) salt. B) The signal intensity is shown for two different acids 10a (red) and 10¢ (yellow),
both as HCl salt. C) Starting material acid 10a (grey) was added and a reaction mixture after overnight reaction in
a reaction tube to yield amide 12a (blue) as well as the pure product amide 12a (purple). D) Summary of all
described samples with linear x-axis scale.

For the screening, those six acids described above were combined with five different amines,
all available as ammonium hydrochloride salts. In addition, the reaction conditions were varied
to use different equivalents of amine and DIPEA, and the overall reaction concentration was
set to two extreme values of 20 uM and 120 puM in respect of the acid. All combinations that
were tested in this multivariate screening are visualized as connection lines in Figure 36,
resulting in 180 different reaction conditions. All reactions were performed in four repetitions,
which were distributed over parts of the whole slide in a randomized way, which leads to 720

single reactions performed on only one DMA slide.
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Figure 36: Variation of compounds and reaction conditions that were used for the first screening resulting in 180
different reactions on one DMA slide.

All solutions for dispensing were prepared from stock solutions in DMSO, diluted by DMF to
the respective concentration. The dispensing was performed in five dispensing steps using
volumes down to 10 nL resulting in 50 nL reaction volume. The whole dispensing was finished
within 50 min, while single dispensing steps took around one minute using the CERTUS FLEX
liquid dispenser. The slide was incubated between the dispensing steps and afterwards at room
temperature in a closed glass petri dish containing a DMF reservoir to maintain a saturated
environment. In addition, in the first step the two outer lines of the DMA were filled with 60 nL
DMF to reduce evaporation during dispensing steps. After overnight incubation, the solvent
was removed under reduced pressure to stop the reaction, resulting in the performance of 720

single reactions having two hours of active working time.

Next, the matrix was added as described before to every spot and the DMA slide was sent for
MALDI-MS analysis. The six different acids resulted in three different structures, as the TFA
and HCI salts were detected as the same m/z values. An overview of all possible structures is
listed in Figure 37. A reaction ID was used to describe the different reaction conditions. Short,
three following numbers describe the synthesis of the same compound with the three different
reaction conditions (5.00 equiv. DIPEA / 1.50 equiv. amine; 10.0 equiv. DIPEA, 1.50 equiv.
amine / 10.0 equiv. DIPEA, 3.00 equiv. amine), the whole list can be found in the appendix.
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Figure 37: List of all starting materials and products used for the first screening slide. All amines were used as HCI
salts, acid 10a was used in free, HCI and TFA form, acid 10b as HCI salt and acid 10c as HCI and TFA salt.

For reactions with acid 10a, the results of the MALDI-MS screening can be found in Figure 38.
The ion intensity was extracted for every m/z signal that corresponds to the product or starting
material and the mean value and standard deviation was calculated out of the four repetitions.
For the first acid, for the HCI salt only product with m/z = 459.23 ([M+H]") corresponding to
amide 12¢ was detected on the expected three spots and very low signal intensities for amide
12b (m/z = 499.20, [M+H]") and amide 12e (m/z = 522.22 [M+H]"). The results for the two
other acid forms did not show any product signals and can be found in the appendix. Instead of
further product signals, in most reaction spots a signal with m/z = 417.12 ([M+H]") was
detected. This can be explained by a side reaction, where the acid is coupled with
dimethylamine (25) instead. This amine is formed by hydrolysis of the solvent DMF (23) into
dimethylamine (25) and formic acid (24, Figure 38). Especially at the low concentrations of
amine in the reaction mixture, this side reaction seemed to be favored and can explain why no
product was detected. The high abundance of the side product is also presented in Figure 38C,
where for the free acid 10a (1-29), the HCI (31-59) and TFA salt (61-89) the acid 10a (grey)
and amide 26 (red) signal intensities are summed up. The generally higher signal intensity for

the HCI salt was already shown in the preliminary test in Figure 35.
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Figure 38: MALDI-MS results for acid 10a. A) intensities for different masses [M+H]* for the different amides
assigned to the respective amine by color coding as well as the signal for the starting material 10a (black, m/z =
390.07 [M+H]") and the side product 26 with m/z = 417.12 ([M+H]"). The reaction ID on the x-axis describes
which amine and which reaction condition was used. B) Scheme of the side reaction to form the dimethylamide 26.
C) Graph showing the signals for the starting material 10a and side product 26 for the different reaction spots for
free (1-29), HCI1 (31-59) and TFA (61-89) form of 10a.

For reactions with acid 10c¢, the results are presented in the same way in Figure 39. Here, there
were significant product signals for three different amides 12m, 12n and 120 detected. The
different signal intensities could indicate that the reaction has higher yields with higher DIPEA
content, as the second spots gave the highest signal intensity in most cases. There were no
significant differences for the HCI or TFA salt observed, the slightly lower signal intensity for
the HCIl salt could indicate a lower conversion due to a higher conversion in the side reaction.
In addition, the clear signals at the expected spots could prove that the on-chip synthesis was
working in principle, without any side effects by neighboring amines. However, there were
some optimization steps required to solve the question if the missing product signals for amine

18b and 19b were caused by dispensing, evaporation or side reactions.
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Figure 39: MALDI-MS results for Acid 10c¢ as HCI salt (A) and TFA salt (B). The signal intensity is given for
different mass signals, assigned by color code to the respective amide and acid. The reaction ID on the x-axis

describes the condition of the reaction.
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Figure 40: MALDI-MS results for dimethylamide side reaction. A-C shows an ion image of the slide for A) acid
10a (m/z = 290.08, [M+H]", red) and the dimethylamide 26 (m/z = 417.10, blue); B) acid 10b (m/z = 376.09,
[M+H]", cyan) and the dimethylamide 27 (m/z=403.14, [M+H']", blue) C) acid 10¢ (m/z = 364.98, [M+H]", blue)
and the dimethylamide 28 (m/z = 392.03, [M+H]", green) D) Mass spectra for different spots, indicated in A)
containing only acid (red, top), amide (blue, middle) and a mixture of both (purple, center). Image adapted with

permission from DR. STEFAN SCHMIDT.
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To show the spatial distribution, the ion intensity maps for the three different acids and
dimethylamides are presented in Figure 40, representing color coded if either only acid, amide
or both signals could be detected. In addition, the mass spectra of representative spots are shown
for acid 10a and amide 26. There is no evidence that the position of the droplet is advantageous
for the side reaction. A detailed dispensing scheme and all mass signal intensities can be found

in the appendix.

3.1.8 Investigations on the Side Reaction

For more detailed and quantitative reaction analysis, the reactions in low concentrations were
again performed in 500 pL scale. Therefore, a dilution series of the whole reaction mixture
from 100 uM to 20 uM of acid 10a in DMF with 4.00 equiv. of HATU, 5.00 equiv. DIPEA,
0.25 equiv. 4-DMAP and 3.00 equiv. amine 18b was prepared, with additional variation of
equivalents for DIPEA and HATU at 40 uM. The reaction solution was shaken overnight and
analyzed by LC-MS. For evaluation, the ratio of the peak area in the chromatogram compared

to the whole absorbance spectrum at 254 nm was used.

As shown in Figure 41A, the yield for the highest concentration was very high. 86% of the
summed peak area is from product 12a and no starting material 10a was detected. But also in
this case, the side product 26 with dimethylamine (25) from the solvent was detected in low
amounts of 14%. With decreasing reaction concentration, the yield also decreased slowly, while
the conversion to the side product was increasing. While a reaction yield of 74% for 60 um
reaction concentration might be acceptable, the conversion was getting drastically lower for 40
UM concentration, where the side reaction yield was comparable with the main reaction. For 20
uM, no product 12a could be detected anymore, while most of the acid 10a was converted into

the dimethylamide (26).

The impact of the coupling reagent is also high, as shown for the 40 uM reaction in Figure 41B.
With lower equivalents of HATU, the side reaction was clearly favored, while the increase of

DIPEA to 10.0 equiv. slightly increased the yield to 53% product formation.
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Figure 41: Impact of reagent concentration on reaction yield. A) The reaction solution with 1.00 equiv. acid 10a,
3.00 equiv. amine 18b, 4.00 equiv. HATU, 5.00 equiv. DIPEA and 0.25 equiv. 4-DMAP in DMF was prepared in
different concentrations based on the acid in 500 puL in a 1.5 mL reaction tube. After 20 h, the reaction solution
was diluted 1:1 with ACN and analyzed by LC-MS. The peak area of the two detected signals with m/z = 445
(IM+H]") at 6.91 min indicating the product 12a and the signal with m/z = 417 ([M+H]") at 6.13 min indicating
the side product 26 was determined in % in the chromatogram at 245 nm. B) At 40 uM concentration of the acid
the content of HATU and DIPEA was varied as indicated on the x-axis. The LC-MS measurement was performed
and analyzed as mentioned in A).

The final aim was to optimize the reaction for the enzymatic readout, where lower amounts of
inhibitor are favored to distinguish between starting material and product. Furthermore, the side
reaction, which most probably also leads to a potent inhibitor, falsifies the readout. Therefore,
this side reaction must be suppressed. Furthermore, in this setup there is no purification step
planned, so a huge excess of reaction additives like coupling reagent might also have an impact
on the enzymatic readout. The easiest way to do so is to change to a different solvent. Hence,
the reaction was performed again with 2.00 equiv. HATU and 5.00 equiv. DIPEA, 0.25 equiv.
4-DMAP and 3.00 equiv. amine 18b in 120 uM and 40 uM concentration in respect of acid 10a.
This time, the solvents were varied to compare DMF with two other high boiling organic
solvents DMSO and N-methyl-pyrrolidine (NMP) in 5 pL droplets on 2.83 mm spots on a
DMA, after overnight incubation in separated petri dishes for different solvents, the solvent was

evaporated under reduced pressure and the samples were analyzed via LC-MS.
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Figure 42: Variation of solvents on 2.82 mm scale. Peak areas for three different signals from the reaction solution
in DMF (red), NMP (grey) and DMSO (green) were compared (acid 10a: m/z = 390, [M+H]"; dimethylamide 26:
m/z =417, [M+H]"; diethylamide 12a: m/z =445, [M+H]") for high reaction concentration of 120 uM (A) and low
concentration of 40 uM (B).

The change of the solvent led to complete (NMP) or at least mostly (DMSO) removal of the
side reaction, as there was no significant peak for that mass observed for high and low
concentrations. Still, the reaction yield was not too high, resulting in a yield of 43% for high
concentrations and 26% for low concentrations with NMP as solvent. The comparably large
peak for the starting material 10a with m/z = 390 ((M+H]", 73% for 40 um, 42% for 120 uM)
indicates that the reaction might be much slower with the different solvent, but there does not
seem to be any competing side reaction that might lead to falsified results by the enzymatic
readout. The best result in this comparison was achieved for DMSO as solvent, with 34% yield
for 40 uM reaction concentration and 47% for 120 uM. Here, a small peak indicated some side
reaction, but not in a significant amount. Also in this case, the remaining acid 10a might be

converted in a longer reaction time or with optimized reagent ratios.

In summary, the product formation on the DMA was confirmed by LC-MS for 5 pL reaction
droplets and measured directly from the DMA surface with MALDI-MS for 50 nL reaction
droplets down to 1.25 pmol/spot. The cross contamination between different spots by the
volatile amines was succesfully tackled by using the respective hydrochloride salts, and a high-
content library of five different amines and six different acids with six reaction conditions for
each combination was screened with exact spatial distribution of the product signals detected.
A second side reaction with the solvent DMF was furthermore detected, and the use of different
solvents showed promising results in the first tests. This shows that the miniaturized chemical
synthesis in solution on the DMA can be performed in highly dense arrays with an exact and

fast analytical readout directly from the DMA.
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Figure 43: Summary of the workflow of combined synthesis and biochemical screening with additional mass
analysis on the DMA.

In this project, all stages of the life-cycle in the early drug discovery stage were investigated
and applied to the DMA platform. The high potential of this highly miniaturized platform,
suitable for uniting different areas of synthesis, screening and analytics could be shown, as well
as the challenges that arise. During the process development, a new readout method for the
enzymatic assay needed to be developed, as the miniaturized format did not allow the use of
commercially available plate readers. The evaporation rate in droplets of 100 nL or less could
be controlled by building a suitable environment. This could be used for fast reaction
termination after the synthesis step. Furthermore, the missing purification step set the challenge
of interfering starting material, which could be overcome by adjustment of the enzyme
concentration and the use of a reference. In addition, the direct application of MALDI-MS
measurement on the same platform allowed to proof that the problem of amine contamination
was solved by using the respective salts and allowed the fast structural analysis of 720 parallel
reactions. With a final combination of the synthesis, screening and analytic step, which were
all optimized in this work, this platform could be used to create and screen large libraries with

low personal effort and amount of costly material for a cheap and fast hit identification.
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3.2 Nanoliter Scale Liquid-Liquid Extraction

After showing an example of solution phase synthesis, combined with an on-chip analytical
method as well as an enzymatic screening to analyze the combination of reaction yield and
biological activity, the last missing link in the toolbox of miniaturized chemistry is a possibility
to purify a crude mixture on the DMA in a HT manner. Purification steps are necessary for most

chemical reaction, and require in most cases the highest workload with manual handling steps.

3.2.1 Introduction of the Extraction Concept

Purification describes the separation of a mixture of compounds, where a desired product of
interest is supposed to be separated from leftover starting materials, some additional reagents
or side products after a reaction. For this, several possibilities have been developed in large

scale. However, few examples have been demonstrated to work in miniaturized scales so far.

LLE uses the principle of the different affinity of compounds towards aqueous and organic
liquids. Two immiscible solvents are combined to create an interface, which can be than used
for mass transfer. In bulk scale, the extraction is usually performed in a separation funnel in
milliliter to liter scale. After addition of solvents, the mixture has to be shaken manually to
increase the interface by creating an emulsion to accelerate the mass transfer.”* The two liquids
are separated afterwards due to their different densities by leaving them exposed to gravity.
After this step, which can take a few minutes, the solutions can be collected separately. In most
cases, the aqueous phase is extracted several times with fresh solvent to increase the extraction
efficiency. To obtain pure product in the end, the organic solvent needs to be removed by
evaporation, which can be time consuming for higher boiling point solvents. This iterative
procedure with high solvent consumption is therefore very time consuming. Additionally, it

would require complex setups to perform it in an automated or even parallelized way.

To implement this separation technique in a miniaturized experimental setup, the basic working
principle needs to be adjusted, as separation by gravity requires complex 3D setups as well as
manipulation techniques. One first step in the miniaturized extraction techniques using the
DMA was presented by FENG et al.l’”! and BENZ et al.’!! The setup described in their work
consisted of two DMA slides, one high surface tension liquid slide containing aqueous droplets,
one low surface tension liquid slide with droplets of 1-octanol. These slides were aligned in a
special sandwiching adapter so that the droplets could be brought in contact. This setup with
the DMAs allows the parallel workup of several droplets at once, but it is not mentioned in

detail how many extractions could be performed in one step and how large much solvent has
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been used. The sandwich adaptor used in this work is based on two parts which can be
assembled with a variable distance determined by four single screws. The use of the two slides
requires a very precise aligning tool, and bears the risk of contamination by neighboring
droplets when the spots are too close or the two slides are not perfectly aligned, especially when

thinking about further miniaturization.

One new possible on-chip extraction method was initially developed in previous works in our
group by YELDA NUR DEMIRDOGEN!!! which resulted in a joint publication based on the master
thesis project and this work. In the following, the work of the master student is summarized as

an introduction to the method.
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Figure 44: Goal of this project was to develop a liquid-liquid extraction step as missing link for miniaturized
synthesis and screening on the DMA.

The method is based on the merging and separation of two neighboring droplets on the DMA.
The procedure is schematically shown in Figure 45 and described shortly in the following. The
aqueous droplets need to be dispensed first in the center of an omniphilic spot of a Dendrimer
DMA slide. By dispensing the organic droplets in a second step with a slightly shifted
dispensing pattern, the organic droplets are deposited between the spot containing the aqueous
droplet and the next, free spot. The droplets are getting in contact with the aqueous droplets and

form an interface where analytes can be exchanged according to their affinity. At the same time,
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the organic droplet is spreading on the free omniphilic spot. With time, the spot with higher
vapor pressure is evaporating and thereby shrinking, which reduces the connecting interface,
until the repelling force is stronger and the droplets are separated on their respective spots. To
achieve best extraction results from the aqueous to the organic phase an organic solvent with a

lower vapor pressure than water was chosen, so that the aqueous droplet evaporates at first.

i i ii vi Vv vi
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Figure 45: Extraction procedure on the DMA developed by YELDA DEMIRDOGEN.!") The aqueous droplet (left)
containing an analyte (pink) is merging with the shifted printed organic droplet (right). Over the interface, the
analyte is transferred to the organic droplet and the evaporation of the aqueous droplet induces the separation. The
image is adapted from the joint publication.[?]

In the previous works, the extraction of the pink dye Rhodamine B from an aqueous solution to
I-octanol was analyzed. Furthermore, the extraction efficiency dependent on the volume ratios
of the solvents were tested and investigations on multiple extractions at once by merging several
organic droplets with one aqueous droplet in the center were done. The results are presented in

the first part of the joint paper!?! and summarized in Figure 46.

1-Octanol was chosen as organic solvent because it evaporates much slower than water. This is
advantageous if the extraction from water into the organic solvent is investigated, as reduced
volume due to evaporation increases the concentration in the remaining water droplet. The
Dendrimer DMA was patterned with omniphilic square spots with a side length of 900 um,
separated by 225 um omniphobic borders. This close distance and spot geometry enabled the
planned merging of the droplets when printing with a 875 um shifted printing frame.
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Figure 46: Results of the previous project about the extraction efficiency of rthodamine B to 1-octanol. A) The
extraction efficiency of the extraction of 0.2 M Rhodamine B solution on the DMA is compared with the separation
funnel using 103 times more solvent. B) Kinetics of the extraction between two static phases in 35 mL (grey) and
350 nL (pink). The lines are drawn to guide the view. C) Multiple extractions imaged before (t;), during (t,) and
after (t3) extraction. D) Extraction efficiency for different numbers of extracting spots. The extraction efficiency
was calculated for every extracting droplet and summed up to the total extraction efficiency. Images are modified
from WIEDMANN et al. 12

First, the extraction efficiency was compared to the bulk separation funnel. By analyzing the
color intensity of the 1-octanol spots after extraction with the image analysis software IMAGEJ,
the extracted amount was calculated by a calibration curve of different concentrations of
Rhodamine B in 1-octanol. It was shown that the miniaturized extraction method showed high
extraction efficiencies between 53 and 89%, which is in the same range as the commonly used
extraction method in the separation funnel with manual agitation. On the DMA, no shaking was
required, while the static bulk extraction in the separation funnel resulted in very slow kinetics
(Figure 46B) and low extraction efficiencies (Figure 46A). In analogy to iterative extraction
steps in bulk procedures, the extraction efficiency could be further improved by merging several
organic droplets with one aqueous droplet in the center at once. The images in Figure 46C show
the transfer of the dye to all two (1), three (i1) or four (i1) spots depending on the order of mixing.

Figure 46D presents the increased overall extraction efficiency by summing up the extracted

amount in every spot, resulting in extraction efficiencies of 95%.
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All results presented in the following were obtained in this PhD work. Contributions by other

people are clearly indicated.

3.2.2 Impact of Environmental Conditions

As described before, the separation of the two phases is based on evaporation. Therefore, the
two solvents need to show high differences in evaporation time, which can be defined by the
vapor pressure. In contrast to the boiling point, the vapor pressure gives the information about
the evaporation tendencies at room temperature. The vapor pressure was used to estimate the
volatility and evaporation speed in the miniaturized format, as it gives information about the
pressure required to evaporate at room temperature. Higher pressures indicate that the solvent
evaporates already at atmospheric pressures, while solvents with extremely low vapor pressure
often require reduced pressure by a vacuum pump for evaporation at room temperature. The
two solvents used in the model extraction were deionized (dI) water with a vapor pressure of
3.17 kPa and a boiling point of 100°C! and 1-octanol with a vapor pressure of 8.7 Pa and a
boiling point of 195°CP% The evaporation kinetics are presented in Figure 47 where 1-octanol
droplets did not show significant reduction in droplet size, even for small volumes, while water
droplets were completely evaporated after four minutes. 1-Octanol droplets could be evaporated

under reduced pressure (Figure 47C).

A Water B 1-Octanol
0 min ° 0 min
o © O e © © ©
2:20 min 2:20 min
4 min 12 min
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- o . ] a ® ®
125 nL 100 nL 75nL 125 nL 100 nL 75 nL

Figure 47: Evaporation of water and 1-octanol. A) Evaporation of 150 — 300 nL water droplets within 4 min. B)
1-octanol droplets between 40-100 nL. with only minor evaporation after 12 min. C) I-octanol droplets of
75-125 nL before (left) and after (right) 1 h evaporation under reduced pressure. The figure was adapted from
WIEDMANN et al.?)

In most cases, the slide was placed in an opened petri dish in a fume hood for ten minutes. This
resulted in a slightly different extraction time for spots on the outer borders, which separated

first after five minutes compared to the ones in the center with much higher surrounding
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humidity. To make sure that this aspect can be controlled, several different environmental
setups and their impact on the extraction efficiency and time were investigated. 186 extractions
were performed in parallel in 6 X 31 rows with 250 nL aqueous Rhodamine B solution and
75 nL of 1-octanol. The first slide was placed in the fume hood on a well-ventilated place, while
a second slide was placed in a so-called humidity chamber, consisting of a petri dish with a
water-soaked tissue sticking to the lid. This increases the surrounding humidity and was used
to prevent unwanted evaporation. After 15 min, the droplets were still all merged and the slide
was placed in the fume hood for separation. Here, the droplets took again 10 min to separate
completely. The third slide was placed in a desiccator connected to a vacuum pump to accelerate
the evaporation, which resulted in separated droplets after 3 min. This shows that the extraction
time can be easily adapted and controlled by the environment. In the next step, the extraction
efficiency was evaluated to see if the manipulation of the extraction time also has an impact on
the extraction efficiency. For that, the slides were imaged by the document scanner and the
images were evaluated with IMAGEJ. The images were transferred to HSV-stacks, which means
that the colors of the slide were described by three independent images with values for the Hue,

Saturation and Value (Figure 48B).

A ; ; ; 30 B
80 4[| Extraction Efficiency
| Time
70
o I
o0
S t - —
= 20 = =
£ - -
W 40+ o (|
gﬁ 20 :
10 —
0 T T
Fume Hood Humidity Reduced
Chamber Pressure

Figure 48: Extraction Efficiency depending on the environmental conditions. A) The extraction efficiency was
calculated for a slide placed in a fume hood, in a petri dish with a soaked tissue in the lid containing dI water and
for a slide in a desiccator connected to a vacuum pump (pink), as well as the time until the last spot on the slide
was separated (grey). B) HSV color space which can be used to describe a color by its Hue (H), Brightness (Value,
V) and Saturation (S). The saturation value was used to measure the color intensity and thereby concentration of
Rhodamine B.

The extraction was observed by the color change from the colorless 1-octanol to the intense
pink droplet, which can be exactly described by the saturation value S. The S-value was
determined for a certain area inside one droplet and 25 randomly distributed droplets from each

slide were used to calculate a mean saturation value with a standard deviation. To determine
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the concentration, a dilution series of Rhodamine B was dispensed, dried and redissolved in 75
nL Rhodamine B and analyzed in the same way to give a calibration curve which can be found
in the appendix. The calculated extraction efficiency was divided by the calculated
concentration of 100% transfer of Rhodamine B to the 75 nL droplet and is presented in Figure
48A in pink. As expected, the extraction efficiency was slightly increased by 4% after
prolonged extraction time, while it was reduced by 6% when the evaporation took place earlier.
The comparably small error bars of +/- 2-3% indicate that despite the different extraction times
between outer borders and spots in the centers, the extraction efficiency is not changed
significantly. This shows that the extraction efficiency and duration could be adjusted by the

environmental humidity and can therefore be adapted to the requirements of any applications.

To be able to understand the high extraction efficiency of this static system compared to the
separation funnel, where the system needs to be vigorously shaken to achieve sufficient
extraction efficiency, the ratio of interfacial area to the volume of the solvents needed to be
considered. Therefore, the dimensions of the miniaturized system needed to be analyzed further.
With the help of a computational model of droplets on the DMA, the interfacial area of the
merged droplets was calculated in collaboration with YANCHEN WU and FEI WANG in the group
of BRITTA NESTLER. The behavior of aqueous droplets was already studied before in this
system®”l and was applied to the organic droplet based on the different contact angles of

1-octanol in Table 4.
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Figure 49: Phase-field modeling of the merged droplets.Real image of an organic (pink) and aqueous (blue) droplet
from top (left) and side view (right). B) Image of the modelled system from top (left) and side (right) to estimate
the yellow interfacial area. The figure was adapted from WIEDMANN et al.l?
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Table 4: Contact angles for water and 1-octanol on the dendrimer DMA

Omniphilic surface Omniphobic surface
Water 34°+/-0.1 111°+/-0.7
1-octanol 22°+/-0.3 73°+/-0.7

Based on this phase-field model, the contact area was 0.25 mm?® for droplets of 200 nL.
Comparing that to a normal separation funnel with a diameter of 7 cm and 200 mL volume, the
ratio between surface and volume is 100 times higher for the droplets. This results in a fast mass

exchange without the necessity to further increase the size of the interface.

3.2.3 MALDI-MS for Low Concentrated Extractions

The final goal of biological application requires the handling of quite low concentrations in
lower micromolar to nanomolar range.™ To investigate the extraction efficiency for lower
concentrations, a new readout method with higher sensitivity was needed. MALDI-MSI was

therefore used to detect the extraction of 20 nM — 4 uM Rhodamine B samples.

As mentioned before, MALDI-MS measurements are supposed to be performed on ITO-DMAs.
Even though the dendrimer modification can be applied to ITO-coated surfaces, the
hydrophobicity of the border was not sufficient to separate the droplets by pushing the 1-octanol
droplet back to its original spot after the extraction. Therefore, a normal glass slide was used to
perform the extraction experiment. For charge transfer of the system, a conductive tape was
placed on the back side of the slide before the measurement and directly connected to the
adaptor (Figure 50B). This method was described by WU et al. as efficient method to measure
MALDI-MS on a non-conductive glass surface.”>) After performing the extraction, 1-octanol
was evaporated as well under reduced pressure over night and 50 nL of 0.1 M HCCA matrix
was dispensed on every spot. The slide after crystallization of matrix is shown in Figure 50A,
which shows clearly separated spots with quite homogeneous matrix crystals. Application of
the tape and MALDI-MS measurement was done by DR. STEFAN SCHMIDT in the working group
of PROF. CARSTEN HOPF (CEMOS). A BRUKER rapiflex was used for measuring to image the
whole slide with a step-size of 100 um with a mass resolving power of 10 000. This resulted in
several measurement points for one spot. A script designed by DR. STEFAN SCHMIDT was used

to extract the mean value for every spot, which was used for further evaluation.

67



Results and Discussion

Figure 50: Setup for MALDI-MS measurements on a glass slide. A) Scanned image after dispensing of matrix to
the respective spots. B) Glass DMA in the MALDI-MS adaptor from BRUKER with conductive tape on the back
from top (left) and bottom (right). The figure was adapted from WIEDMANN et al.”?)

The [M-CI']" signal of Rhodamine B (m/z = 443.24 +/- 0.04) was detected on the control spots
as well as the 1-octanol spots after extraction up to 50 fmol/spot of initially added analyte. This
corresponds to 0.2 uM, concentration in 250 nL. Furthermore, for all different concentrations,
there is no significant Rhodamine B signal detected in the spots, where the aqueous droplet was
placed. This results in a high extraction efficiency also for very low concentrations. This shows

that in addition to the low volumes, also very low concentrations can be handled and extracted

with this method.
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Figure 51: MALDI-MS results for Rhodamine B extraction. A) Ion intensity plot for the Rhodamine B signal after
extraction of different low concentrations between 5 and 1000 fmol/spot from the aqueous droplet (bottom) to 1-
octanol (top). The signal intensity is represented by the color intensity. Scale bar is 2mm. B) Signal intensity on
the organic (pink) and aqueous spots (grey). The values are mean values of three repetitions with their standard
deviation. The left half represents the spots without extraction, the left part after extraction process. C) Extraction
efficiency calculated by the ratio of signal intensity on the organic spot to the sum of signal intensity on both spots.
The figure was adapted from WIEDMANN et al.[?!
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3.2.4 Separating and Detecting a Mixture of Dyes

So far, the description of the extraction process was based on the single transfer of one dye. To
support the hypothesis of selective extraction through different affinity to the two phases, a
second analyte, Methylene Blue was introduced. This blue dye showed a better solubility in
water than 1-octanol and was therefore not extracted to the organic phase. Both dyes were first
printed separately and the extraction method was performed with 1-octanol. For better
visualization, in Figure 52A and D 1-octanol was printed next to the aqueous droplet without
merging in the “before” mode, and water was added to the evaporated aqueous spot after
extraction. The top part in Figure 52A-C reproduces the extraction of the pink dye
Rhodamine B. The part below proved the selectivity aspect, as the blue dye was not transferred
to the neighboring droplet, but stayed in the initial aqueous spot. This proves the assumption

that the mass transfer is based only on affinity, despite the completely evaporated aqueous

droplet.
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Figure 52: Extraction of Rhodamine B and Methylene Blue. A) Overview of parts of a slide containing 250 nL
aqueous solution (left spot) with Rhodamine B (top), Methylene Blue (center) or a mixture of both dyes before
(left), during (middle) and after (right) extraction with 100 nL 1-octanol (right spot) in six repetitions each. B)
Zoomed images for a spot containing Rhodamine B (top) or Methylene Blue (bottom). C) Scheme of the extraction
containing the chemical structures of Rhodamine B (top) and Methylene Blue (bottom). D) Zoomed images of an
extraction of a mixture of both dyes. The separation of the mixture (purple spot) to Methylene Blue in the aqueous
droplet (left, blue) and Rhodamine B in the organic phase (pink, right) can be observed by the color shift. All
images are obtained by a document scanner. Images was adapted with modifications from WIEDMANN ef a/.”?

In the next step, a mixture of both dyes was extracted with the same method, represented in
Figure 52A in the bottom part and Figure 52D. Here, it could be observed how the purple
mixture of both dyes in the beginning was separated into a blue part on the left, indicating the

aqueous droplet containing Methylene Blue and the pink droplet on the right containing
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I-octanol with Rhodamine B. This is the first example of a separation of a mixture directly on

this DMA platform in nanoliter scale without any additional slide or manual handling needed.

After observing this separation clearly by eye, the next challenge was finding a method to
measure this separation in nanoliter format. One quite sensitive technique commonly used in
organic synthesis is the Thin Layer Chromatography (TLC).”®] The method can be used to
analyze a mixture and to identify a reagent, if its specific Rf value is known for the solvent
system or if it is directly compared to the pure compound as reference. For sampling, a thin
capillary was used to directly pick up the sample from the DMA, which was redissolved by
acetonitrile as it is shown in Figure 53 A. The TLC is shown in Figure 53B, where the mixture
was added to the first spot, followed by the organic droplet (2) and aqueous droplet (3). As
comparison, an aqueous Rhodamine B solution was added to position 4 and aqueous Methylene
Blue solution to position 5. The mixture of dyes is clearly separated after running the TLC in
DCM with 10 vol% methanol. Furthermore, the control spots show the same height and
therefore Rf value as the two spots in the first lane. The successful separation can be proved by
the fact, that there is only one spot visible for each droplet from the DMA, only Rhodamine B

from the organic spot and Methylene Blue from the aqueous spot.

Figure 53: TLC analysis of the separation of the dyes. A) Sampling with a thin glass capillary directly from the
DMA. B) TLC with (1) mixture of Rhodamine B and Methylene Blue, (2) Organic droplet collected from the
DMA, (3) aqueous droplet collected from the DMA, (4) pure Rhodamine B solution and (5) pure Methylene Blue.
The TLC plate was developed in DCM containing 10% methanol. The TLC was imaged by a camera and the spots
surrounded with the respective color. Modified from WIEDMANN et al.!?]

A second detection method was again based on the scanned image and an image analysis

method. In this case, the CIELAB color space was used to determine the color on the droplets.
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In this color space, the color intensity is given by the L value, the a vector is describing the
color range between blue and yellow and the b vector the color shift between red and green.
Analyzing the images, it turned out that the a value can be used to clearly differentiate the color

shift between blue, purple and pink (Figure 54A).
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Figure 54: Color analysis in the L*a*b color space. A) The color space is described with the vector a (yellow/blue)
and b (red/green). The L, a, and b values were determined for the different colors. B) Image of the original image
obtained after scanning with 3 x 3 samples of Methylene Blue, Rhodamine B and a mixture of both (from left to
right) on top and the layer describing the a values after the image was transformed to a L*a*b stack. C) a values
for three different extraction experiments (y-axis) for the aqueous spot before extracting (grey) and the 1-octanol
droplet (white) and water droplet (black) after extraction was performed. C) was adapted from WIEDMANN ef a/.?]

Therefore, the scanned image from Figure 52A was converted into a lab stack in Image J (Figure
54B) and the a value was measured for every spot within a small square in the center. The a
value ranges from -5 for Methylene Blue containing spots to +10 for Rhodamine B spots, while
the colorless phase after extraction shows a value around zero and the phases where the dye is
expected shows slightly less extreme values. For the purple mixed phase directly after
dispensing the aqueous phase only, a value of 4 was measured representing a color between the
two extremes. After extraction, the organic phase showed an increased a value of 7.6 in the
same range as the extracted Rhodamine B spot and the aqueous phase showed a negative value
of -2.1, which is close to the value of 3.0 obtained from the pure Methylene Blue control

experiment.

This unfamiliar approach is an example for using image analysis to confirm and transform our
optical readout into clear values, which describe the shift of a color. This highlights the
possibility of developing new readouts if the volumes are getting too low to be analyzed via
commonly used uv/vis spectrometers or plate readers. Even though the color intensity was high
enough to detect some absorbance, their default setting based on the microtiter plate format did

not allow to use this highly miniaturized and dense format.
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While MALDI-MS could be easily adapted to the 18 x 64 DMA format, the possibility of ion
suppression must be considered when two different compounds should be detected in a mixture.
Therefore, a two-dimensional concentration gradient of both compounds was dispensed on
different spots in duplicates. The different ratios of both dyes were analyzed by MALDI-MSI
and the signal intensity for both signals of 284.06 m/z for Methylene Blue and 443.09 m/z for
Rhodamine B were plotted. In both graphs in Figure 55, the signal intensity for the respective
m/z signal was plotted against the concentration of Rhodamine B on the x-axis for all
concentrations of Methylene Blue in the color code. The signal intensity in Figure 55A clearly
depended on the concentration of both dyes, as the signal intensity for higher concentrations of
Rhodamine B is decreasing with a higher concentration of Methylene Blue. This indicates a
strong ion suppression effect of Methylene Blue on Rhodamine B, which means that the
concentration of Rhodamine B in a mixture with Methylene Blue cannot be determined
quantitatively by MALDI-MS. In Figure 55B, the signal intensity of Methylene Blue is plotted.
Here, the signal intensity was as expected increasing with increasing concentration of
Methylene Blue. At the same time, the signal intensity is nearly constant for all concentrations
of Rhodamine B, indicating that there is negligible impact on the ionization of Methylene Blue
by Rhodamine B. Only for the two highest concentrations of Rhodamine B the signal intensity
was slightly decreasing for all concentrations of Methylene Blue. This indicates that
MALDI-MS measurements in this format can be only used to qualitatively detect if Rhodamine
B is transferred while Methylene Blue is retained in the initial spot, but not for a quantitative

description of the amount of Rhodamine B that is remaining in the initial spot.
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Figure 55: MALDI-MS measurements for mixtures of Rhodamine B and Methylene Blue. The two dyes were
dispensed in a two-dimensional gradient matrix to analyze the ion signal intensity for both components in different
ratios. A) The intensity of Rhodamine B (m/z = 443 [M-CI']") is shown for different concentrations from 5 to
10000 fmol/spot. The different colors indicate different concentrations of Methylene Blue added to the same spot.
B) The intensity of Methylene Blue (m/z = 284.058 [M-CI]" is presented for the same concentrations of
Rhodamine B dispensed on the same spot. The different colors of the symbols indicate the dispensed amount of
Methylene Blue.
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3.2.5 Variation of Solvents

So far, the organic solvent used for extraction was 1-octanol. In the next step, the scope of
solvents with different properties and their impact on the extraction was investigated. In bulk
extractions, the separation is based on gravity, which means that the phase with higher density
is accumulating on the bottom of a separation funnel. The phases are separated by pouring out
the different phases from the bottom of the separation funnel. By changing the organic solvent,
the order of the two phases can change depending if the density of the organic solvent is higher
or lower than 0.997 g/mL, which is the density of water. This can lead to confusion especially
for unexperienced chemists and might cause problems in automatization of processes when

solvents need to be changed.
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Figure 56: Behavior of organic solvents with different densities. A) Separation of 1-octanol (colorless) and water
(blue). B) Separation of 2-bromotoluene (colorless) and water (blue). The aqueous phase is stained with Methylene
Blue for better visualization. The figure was adapted from WIEDMANN et al.[?]

Having the small volumes of 100 nL on this open platform, most commonly used solvents like
dichloromethane or ethyl acetate can’t be used in this miniaturized extraction, as the droplets
immediately evaporate. Nevertheless, this does not need to be a drawback, as completely new
solvents suddenly become suitable if they can be evaporated under reduced pressure in small
droplets with high surface areas. The two organic solvents I-octanol (0.83 g/mL) and
2-bromotoluene (1.42 g/mL) were used as examples with higher and lower density than water
(Table 5). Both have a lower vapor pressure than water to make sure that the established
working principle of the aqueous phase evaporating first is the same. Again, a mixture of
Methylene Blue and Rhodamine B was used to demonstrate the separation. In the case of
2-bromotoluene, it needs to be mentioned that the intense pink color of Rhodamine B was
quenched if dissolved in an aprotic solvent in lower concentrations.[®” In Figure 57, scanned

images before, during and after the extraction process are presented. After the respective
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organic solvent was merged with the aqueous droplet, the aqueous phase turned light blue as
before, while the transfer of the pink color was only observed for 2-bromotoluene. To compare
the extraction result, the solvent was evaporated for all spots and 100 nL of water was added to
all spots, resulting in a pink color for the extraction with 1-octanol as well as 2-bromotoluene.
Even though the aqueous spot shows a slightly darker color, indicating only partial extraction,
a visible color change proves that the extraction works in the same way for solvents with higher

densities.
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Figure 57: Extraction with 1-octanol and 2-bromotoluene. In every image, the aqueous droplet is placed on the left
side and the organic on the right side. The figure was adapted from WIEDMANN et al.l?

——
—————

The last result seems to be obvious, as the separation in the array format is not based on gravity,
but on evaporation. Therefore, toluene was chosen as third solvent, having a lower density, but
higher vapor pressure than water, resulting in a faster evaporation. Due to bad solubility of
Rhodamine B in toluene, a different dye was used to observe the extraction procedure. In this
case, Bromothymol Blue was used, showing a bright yellow color at neutral pH. This dye
showed a higher affinity to water than toluene, resulting in a setup where the toluene droplet
containing the yellow dye was added to a colorless aqueous spot. As shown in Figure 58, the

dye is transferred from the toluene containing spot on the right to the aqueous droplet on the

left.
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Figure 58: Extraction of Bromothymol Blue from toluene (right) to water (left). The scheme on the right shows
the chemical structure of the dye (31) and the extraction behavior. The figure was adapted from WIEDMANN et
al.?!

Showing the possibility of using organic solvents with different densities and boiling points,

with the same setup of two dispensing steps in the same order, resulting in the same array of

separated phases as it was dispensed, the huge impact of the two-dimensionality of the
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extraction in array format was highlighted. In case of applications in a fully automated system,
the choice of solvents for extraction does not have any impact on the procedure and the
following steps, as the organic phase can be always collected form the same spot where it was
initially printed.

Table 5: Solvents and their physical properties (data obtained from!?l)

Density Vapor pressure
[g/mL] [kPa]
Water 0.99 3.16
1-Octanol 0.83 0.0087
2-Bromotoluene | 1.43 0.133
Toluene 0.87 3.79

3.2.6 Acid-Base Extraction

After presenting and characterizing the extraction system with dyes for better visualization, the
next approach was motivated by the idea of performing a reaction workup directly after
synthesis on the spot. For separation of more complex mixtures, the variation of the pH value
in the aqueous phase can be used to change the affinity of different compounds to the two phases
based on their pKa value. Exemplarily, this was investigated with two model compounds, a
carboxylic acid 2,5-dihydrobenzoic acid (DHB) and an aromatic structure with an amine group,
p-anisidine. In their neutral state, both molecules are extracted to the organic phase because of
their positive logP value (DHB 1.74,1'%! p_anisidine 0.951°!"). But by changing the pH value,
they can be transformed into their protonated or deprotonated and thereby charged form. This
was used to manipulate the mixture of both compounds to selectively pull one of them into the

I-octanol droplet.
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Figure 59: Acid-Base Extraction of DHB and p-anisidine. The scheme shows the structure of the amine (red) and
carboxylic acid (green) and their expected separation between the aqueous and organic phase for basic (top) or
acidic (bottom) pH values. The figure was adapted from WIEDMANN et al.”]
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Figure 59 shows schematically the pH dependent separation, where the carboxylate is retained
in the aqueous phase at high pH values and the ammonium salt stays in the aqueous phase at
low pH. In the first experiment, the aqueous mixture was dispensed on the DMA with different
pH values and extracted with 1-octanol. The compounds don’t show any intense color and
therefore an indirect detection method was required. As described above, single spots of the
extraction phase could be collected by a glass capillary and spotted on a TLC plate. After
developing the TLC in a mixture of DCM/MeOH/acetic acid (89/10/1) and staining with iodine
vapor, the plates were imaged by a camera. The TLC in Figure 60A shows the compounds in
the organic spots after extraction. The top spot with an Rf value of 0.83 and a smaller spot
below at Rf = 0.55 can be assigned to p-anisidine. The lower one can be explained by some o-
anisidine contamination in the stock. The lower band with Rf = 0.33 can be clearly identified
as DHB. Therefore, the hypothesis was confirmed. A comparison of the aqueous and the
organic spots of both extractions in Figure 60 C indicate that the selective extraction did not
have 100% efficiency, as in both cases a weak signal of the second compound can be observed.

This means that the setup can be used to extract a pure compound to a new spot.
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Figure 60: TLC results of aicd-base extraction. A) organic spots were collected after extracting from a basic (1) or
acidic (2) solution. As reference, a neutral mixture of the compounds was added in the 3" lane. B) controls of the
single compounds p-anisidine (1), DHB (2) and a mixture of them (3) to identify the spots in A). C) aqueous and
organic spots collected after extraction at basic or acidic pH. The figure was adapted from WIEDMANN et al.[?!

Thinking further about workup workflows, both compounds might be isolated if the pH value
is changed between two extraction steps. To do so, a basic mixture of DHB and p-anisidine was
dispensed on a spot, extracted with 1-octanol and evaporated. After that, 0.1 M HCI solution

was dispensed to the same spot to change the pH value to acidic before the next extraction
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procedure from the same spot to the opposite direction was started. This resulted in the selective
deposition of the two compounds from a mixture to two different spots. Also in this case, the

transfer was confirmed by TLC.
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Figure 61: Separating a mixture in two steps with acid/base extraction. For the first extraction at basic pH, 1-
octanol is dispensed on the left side next to the aqueous droplet. After addition of hydrochloric acid, the second
extraction is performed by dispensing 1-octanol on the right side next to the aqueous spot. The TLC sample was
collected from the left spots (1), right spots (2) and a mixture as control. The figure was adapted from WIEDMANN
et al.l?!

In summary, the presented method was further characterized with a mathematical model to
explain the high extraction efficiencies, and new characterization methods were investigated to
describe and evaluate the extraction process on a size scale which is beyond most commonly
used analytical methods. The model system was furthermore extended with additional analytes
and solvents, resulting in a controlling mechanism to pull selectively compounds out of a

mixture and transfer them on separate spots.

3.2.7 Dip-Extraction: A New Ultra-High-Throughput Extraction Method

The extraction in the array format enables a whole new handling tool for nanoliter volumes on
the DMA. Still, the two dispensing steps require high precision of the liquid dispenser. The next
idea was to develop a Dip-Extraction by immersing a whole DMA slide containing droplets
into a second phase to bring all droplets at the same time in contact to this phase for
simultaneous extraction. The dendrimer modification shows affinity of the omniphilic spots for
both, aqueous and organic solvents, and was therefore not suitable for this method development.
Furthermore, the idea of dipping an organic droplet in aqueous solution was not possible due

to the very high surface tension of water in combination with Dendrimer DMAs.

77



Results and Discussion

Based on the extremely high affinity of aqueous droplets to the Z-DMA surface, this was the
modification used for this approach. Due to the surface tension and affinity to the slide, the
droplets were stable when moved or turned upside down. To further use this property, a whole
slide containing aqueous droplets was carefully immersed into DCM, a volatile, low surface
tension solvent. While the droplets remained sticking on the modified glass slide, an interface
was formed between the aqueous droplet and the organic phase, which could be then used for
extraction. Exemplarily, the pink dye Rhodamine B was used in 0.4 mM concentration in the

aqueous solution to observe this process.

In Figure 62, a slide with 2.82 mm diameter spots containing 80 spots with 5 pL aqueous
0.4 mM Rhodamine B solution was immersed in 40 mL DCM in a glass petri dish. The image
in Figure 62B shows the stability of the droplets during the immersion of the slide in DCM. All
spots were still intact and the dye was extracted to the organic solvent. The fast extraction of
the dye directly on the surface of the droplet can be already seen in Figure 62 E, directly after
immersion. The disappearing color on the outer layer of the droplets has the effect that the
image seems blurry. The removal of the pink dye took 15 min due to diffusion of the dye in the
comparably large droplet to the interface. After pulling the slide out of DCM, there was a thin
layer of DCM observed on the slide, which evaporated within seconds. The aqueous droplets

were stable and remained on the DMA slide.
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Figure 62: Dip extraction of 3 mm spots. A) The whole slide with 80 spots containing 5 puL. each of 0.4 mM
aqueous Rhodamine B solution. B) Immersion of the slide in DCM in a petri dish. C) The slide is taken out of
DCM after 10 min extraction. D) Slide during extraction in DCM. E) Zoomed region showing the spots shortly
after immersion. C) Zoomed region showing the spots after 15 min immersion. Scale bar is 5 mm.
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After this first proof-of principle, a DMA with smaller spots was used to increase the throughput
from 80 parallel extractions to 672 extractions on one DMA slide with square spots with a side

length of Imm and a volume of 250 nL per spot.
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Figure 63: Dip-extraction of 672 spots. A) The immersed slide with 250 nL. aqueous droplets is imaged during the
extraction process in DCM. Scale bar is Smm. B) Image of the whole slide in the petri dish containing DCM. C)
DMA slide during immersion in DCM, scale bar is Smm. D) Zoomed region of C), scale bar is 2mm. E) DMA
slide when taken out of the organic solvent after extraction. Scale bar is 5 mm. F) Zoomed region of E). scale bar
is 2 mm. G) DMA slide immersed in 45 mL DCM in a centrifuge tube, tilted. H) DMA slide during immersion in
a 50 mL centrifuge tube for extraction in a vertical state.

Shown in Figure 63 A, the extraction was much faster for the smaller spots, resulting in colorless
droplets after five minutes. The droplets were stable when immersed and removed from the
organic phase, as it can be seen in Figure 63C-F. For a quantitative characterization, the DMA
slide containing 250 nL droplets with 40 mM Rhodamine B was scanned with the document
scanner for different immersion times. The amount of dye present in the droplet was measured
by the saturation of the pink color of Rhodamine B. A linear dependency of the concentration
of Rhodamine B to the color saturation was confirmed by a calibration curve presented in Figure
64B. After ten seconds immersion, the amount of analyte present in the droplets was already
reduced to 50% and after one minute, 83% of the dye was extracted. This fast kinetics can be
explained by the high surface area of the small droplets, where the mass transfer is taking place.

In addition, the low volume leads to short diffusion ways from the center of the droplet to the
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interface. A prolonged extraction time of five minutes resulted in 90% extraction efficiency,

which is a very high efficiency for a single extraction step without exchange of the organic

phase.
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Figure 64: Kinetics of the extraction in 1 mm spots. A) The reduction in color saturation represents the removal
of the pink analyte upon different immersion times in DCM. B) A calibration curve was created using different
concentrations of Rhodamine B without extraction. The saturation of the pink color was estimated with the GRID
SCREENER.

Furthermore, in addition to the flat, horizontal petri dish, a 50 mL centrifuge tube was used as
DCM reservoir. The droplets sticked stable to the DMA slide also when immersed vertically
into the organic phase (Figure 63H), but also when the reservoir was tilted (Figure 63G). This
shows the high stability of the aqueous droplets, their independence from gravity and might
allow new possible applications, like the usage of a continuous flow system for high extraction

efficiencies for the static droplets.

In the following step, the selectivity of the extraction mechanism was investigated. Therefore,
0.4 mM Rhodamine B solution, 4.9 mM Methylene Blue solution and a mixture of both were
added to different spots on the DMA. As the blue dye shows higher affinity to water, the blue
droplets were expected to stay blue, while the pink dye was supposed to be removed as shown
before. The slide is shown in Figure 65 before (top), during (right) and after (bottom) the dip-
extraction step. The pink color nearly disappeared from the pink spots, while the blue
surrounding spots remained blue. In addition, the mixture of both dyes, which showed a darker
purple color in the beginning, turned blue as well. This proofs that the color-removal is based

on the selective extraction step by the affinity of the analytes to the aqueous and organic phase.
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Figure 65: Selective Extraction. A) A DMA slide with 1.00 mm square spots containing 250 nL aqueous solution
containing either 0.4 mM Rhodamine B (pink), 4.9 mM Methylene Blue (blue) or a mixture of both (purple). B)
Same slide as A), but after 10 min extraction in DCM after removed from the organic reservoir. C) Part of the slide
immersed in DCM during the extraction at different time steps. Scale bar is 5 mm for all samples.

Next, the long-term stability of droplets immersed in DCM was analyzed. When handling
DMAs with 250 nL droplet or less, evaporation happens fast under atmospheric pressure at
room temperature. This leads to challenges for long-term incubation. To test the behavior of
small droplets for long incubation times in DCM, a slide containing 672 droplets of 250 nL 0.4
mM aqueous Rhodamine B solution was immersed in DCM in a closed petri dish for one hour
(Figure 66). Due to the extraction, the droplets turned colorless and were hard to see. However,
after taking out the droplets were still present on the DMA slide. This effect impressed even
more when the extracted droplets were compared to a slide containing the same solution, which
was left at room temperature for 15 min, where all spots evaporated and only the dye remained

in dry state on the spots (Figure 66D).
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Figure 66: Long-term stability of immersed slides. A) DMA containing 672 spots with 1.00 mm side length,
containing 250 nL. 0.4 mM aqueous Rhodamine B solution before extraction. B) Same DMA slide in 40 mL DCM
after 1h incubation. C) DMA slide after taken out of the solution. Scale bars are 6.00 mm. D) DMA slide after 15
min incubation at room temperature. E) Zoomed region of C). Scale bar is 3 or 5 mm.

To increase the possible throughput, the spot size was further decreased to 0.25 mm? square
spots with a side length of 500 pm. With this setup, 28 x 96 droplets could be created on one
single glass slide. The decrease in spot size and thereby the decrease in volumes caused
challenges with the liquid dispenser. For that, the discontinuous dewetting method described
by UEDA et al*) was used in a slightly adapted way. The patterned glass slide was shortly
immersed in an aqueous solution containing 1.55 mg/mL Methylene Blue. After taking out,
small droplets were formed on the hydrophilic areas, separated by the hydrophobic borders.
This slide was directly immersed in DCM and imaged. The dye was chosen due to its high
affinity to water, so that it was not extracted. This enabled the visualization of the droplets after
immersion in DCM in Figure 67B,D and when the slide was removed from the organic phase
(Figure 67C). With that step, it was shown that also highly miniaturized droplets are stable
when immersed in the organic phase and that this could be used for parallel extraction of 2688

samples at one single step.
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Figure 67: Extraction of 2688 spots. A) DMA slide with 2688 spots with a side length of 500 pm, containing
Methylene Blue containing aqueous droplets. B) DMA slide from A) immersed in 45 mL DCM. C) Slide
containing droplets when taken out of the solution. D) Zoomed region from B) Scale bar is 5Smm for A and B and

1mm for D.

After showing the application for spots in different sizes and high-throughput, the versatility of

the system was tested by using various geometries (Figure 68). In addition to different shapes,

the size range was increased resulting in flat reservoirs with a high surface area for fast

extraction, containing up to 60 pL aqueous solution. All different structures were stable upon

full immersion in the organic phase and showed intact shape after the slide was taken out. For

imaging reasons, the slide was not left in DCM until complete extraction of the dye, but in

analogy to the results shown before, the dye could be completely extracted at longer incubation

times.
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Figure 68: Dip-Extraction of spots with various geometries. Different patterns on DMA slides (A-C) filled with
0.4 mM Rhodamine B solution and imaged before (T:) and during (T>) the dipping, immersed (T3) and after taking
out (T4) from 40 mL DCM in a petri dish. For imaging, the samples were taken out before the dye was completely

extracted.
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In a next step, the extraction was reversed to stain aqueous solutions of different pH values by
immersing a DMA slide in DCM containing Bromothymol Blue. This pH sensitive indicator
shows a dark blue color at high pH values, slightly green color at neutral pH value and a
yellowish color in acidic solutions. The yellowish powder showed poor solubility in DCM, but
was nevertheless quickly absorbed by aqueous droplets upon contact with the organic layer.
The pH of deionized water was adjusted with NaOH solution to pH = 5, 7 and 12.5 and the
colorless solution was added to a DMA with either 2.83 mm diameter spots (3 uL) or 1.00 mm
side length (150 nL). The DMA was immersed in the organic phase containing 60 mg of the
indicator and the change from colorless (Figure 69A) to the pH-dependent color (Figure 69B)
was observed. The fast transfer can be seen in Figure 69C and D, where the slide was imaged
during the immersion step, showing the instant color development on the basic droplets after
getting in contact with the organic phase and the fast gradient of increased color intensity. The

slides with both spot sizes and geometries were imaged by the document scanner after staining

for 30 sec.
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Figure 69: Staining by dip-extraction. A) 150 nL of aqueous solutions with three different pH values (5, 7, 12.4)
were pipetted as colorless solution on a DMA with 1.00 mm diameter square spots. B) The same slide after
immersion in DCM containing Bromothymol Blue for 120 sec. C) Slide from A) during immersion. D) Zoomed
region of the slide during staining. E) Scanned image of a slide after 30 sec staining. F) Scanned image of a slide

containing 3 pL aqueous droplets on 2.83 diameter spots with different pH values after staining in Bromothymol
Blue containing DCM. Scale bar in all images is 5 mm.

The different colors of neighboring spots with different pH values show that the aqueous
solutions remained separated without contamination by neighboring droplets when immersed

in the organic solvent, during the extraction and when they are taken out. This fast staining
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allows the pH determination of 672 or more solutions within 30 seconds by a simple dipping
step, which could easily be automated and could be used to establish a readout for pH

determination of aqueous samples on the DMA.

In summary, the described new dipping method offers a very fast way for parallel treatment of
an array of aqueous droplets. Consisting of one simple dipping step, the extraction can be
performed without the need of special equipment. This setup allows the extraction from a broad
variety of geometries, but also the possibility of downscaling in terms of volumes and upscaling
in terms of number of extractions starting from 80 x 50 uL droplets to 2688 single extraction
with volumes below 40 nL. Further possible applications could be the removal of contaminants
from aqueous samples, or as shown in the last experiment the addition of reagents, for example
for pH determination. Beyond that, it is an impressive demonstration of the stability of aqueous

droplets on the DMA slide, introducing a new HT manipulation step.
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Conclusion and Outlook

In this work, different aspects of miniaturization and parallelization for high-throughput drug
development, such as synthesis, purification, characterization, screening and handling have
been investigated. In a field, where high risks of failure are combined with high costs, the
challenge is to save compounds, materials, solvents and time as valuable resources. This leads
to the motivation to incorporate all important steps in early-stages of drug discovery on one
small but versatile platform. The droplet microarray offers a fitting platform, as it has
demonstrated value for high-throughput biological screenings with both eukaryotic and
prokaryotic cells as well as for compound library synthesis via solid-phase chemistry. The idea
of solution phase synthesis with reaction control by uv/vis spectroscopy, liquid-liquid
extraction of dyes, MALDI-MS measurements of compounds and cell culture have been already
presented before in early stages of miniaturization and integration. Nevertheless, in most cases
an array of 5 x 16 droplets with a diameter of 2.8 mm — was used, comparable to a 384-well
microtiter plate, still using microliters of reagents for one experiment. To exploit the whole
benefit of an open platform with dimensions solely limited by photomasks, the aim in this work
was to further miniaturize to a size range and throughput beyond microtiter plates. Therefore,
spots with a side length or diameter of 900 um were used, resulting in an array of 18 x 64 spots

on a single microscope glass slide, with volumes between 50 and 300 nL.

In the first part of the work, a library synthesis with subsequent biochemical assay was adapted
to the Droplet Microarray. The library synthesis and screening had been performed before by
the pharmaceutical company SANOFI with single bulk reactions, purification and
characterization in bulk. The compounds were tested in a biochemical assay in a 384-well plate
to identify potential new compounds for treatment of diabetes type II. The biochemical readout
was based on the inhibition of the enzyme Low-molecular weight protein tyrosine phosphatase.
The proof of principle could be successfully performed in an array with the same alignment as
a 384-microtiter plate with slightly reduced volumes from 4 puL to 3 pL and readout with a
commonly available plate reader. Due to the limitation of plate readers to 384 and 1536 well
plates in ANSI standard format, the plate reader could not be used for the characterization of
further miniaturized platforms of 900 um diameter spots with 225 um borders. Here, a
document scanner was used for an optical readout with image analysis performed in
collaboration with MARCEL SCHILLING and PROF. MARKUS REISCHL, but the sensitivity was not
sufficient for the small droplets of 100 nL. Therefore, a fluorescence-based assay and readout

based on a fluorescence microscope were used. The array detection and image analysis were
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developed in collaboration with MARCEL SCHILLING and PROF. MARKUS REISCHL. With
optimized environmental conditions, the Z’ value indicated an ‘excellent assay’. The assay
showed good compatibility with all reagents used in the planned amide coupling reaction, so
that the direct screening of the crude mixture after removal of the organic solvent was possible.
As one complication, the acid used as starting material showed already some inhibitory activity,
leading to only a small difference of signal intensity for analysis and rendering differentiation
between effects of starting material and product difficult. This could be improved by increased
enzyme and substrate concentrations, which finally allowed to detect if product was formed and

if the yield was low, intermediate or high.

In detailed reaction analyses in larger scale with LC-MS, the product formation was observed,
but also a significant cross-contamination with the volatile amine of the neighboring spots. This
could be solved by using a hydrochloride salt instead of the free amine, as confirmed via
MALDI-MS analysis in the small 900 um diameter spots and reaction volumes of 50 nL.
MALDI-MS analysis allowed the fast screening of one DMA of 1152 spots within 20 min.
Therefore, one single DMA was enough to test the sensitivity of a model product in different
concentrations of the analyte and matrix, as well as for two different matrices and two different
matrix application methods. Furthermore, different mixtures of a starting material and product
allowed the detection of both compounds on one spot and therefore the estimation of a possible
yield of crude reaction mixtures. In addition, a first amide coupling reaction was performed in
five different concentrations and with two different amines, where the product was successfully
detected up to a reaction concentration of 42 pM. All those experiments could be combined on
one single DMA, which highlights the high density of information gained in this miniaturized
format. In addition, the reaction reagents and other samples were directly dispensed on the
DMA, the solvent was evaporated after the reaction incubation and matrix could be dispensed
in a second dispensing step. After this proof of principle, a screening with six different acids,
five different amines and three different reaction conditions in two concentrations were
performed on one slide, resulting in 180 different reactions. All reactions were performed in
four repetitions, so in total 720 reactions were performed together with some additional control
spots. Every reaction was performed in 50 nL droplets, so in total 36 uL reagents were used for
the whole slide. Not all potential products could be detected, but for the successful reactions,
the product signal was clearly identified only within the predicted spots. This indicates that the
high-density reactions with the dispensing protocol were working without any crosstalk, after

free amines had shown contamination of neighboring spots before. As explanation for missing
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product signals, a side reaction was identified, resulting from a reaction of the acid with
dimethylamine, which is present in the used solvent DMF. The high amount of the side product
was likely caused by the addition order of the reagents, but predominantly by the low
concentration of the reagents required by the following assay. The impact of the concentration
of the reagents on the side reaction was confirmed by LC-MS analytics in 500 pL scale. As
possible solution to this challenge, alternative solvents were chosen, which were compatible
with reactions on the Droplet Microarray and did not lead to side reactions in 5 pL reactions

with following LC-MS characterization.

The results described here show the possible implementation of a miniaturized synthesis,
analytics and screening of a library on the Droplet Microarray. Several challenges were
identified during the work, which could be solved with adapted procedures. Here, the
fundamental work has been done to optimize and adapt all needed handling steps to the Droplet
Microarray platform. A larger screening of the envisioned library for hit identification with
following confirmation in bulk will finally show the impact of this miniaturized platform.
Furthermore, the screening setup could be easily adapted to different biological targets, if
different enzymes and starting materials were used. For the application in industry, an
automated high-throughput sample handling setup as well as powerful evaluation software
would be required to allow a drastic increase of target-compound couples tested with much
lower effort and costs. This reduction of required time and costs with increasing number of
experiments at the same time could accelerate hit identification in a drug discovery pipeline and

thereby incentivize the investigation of possible drug candidates for less abundant diseases.
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Figure 70: Summary of the work of miniaturization, parallelization and integration. Synthesis, analytics and
activity tests were integrated in one workflow on 900 um round spots in the first part of the work, while the
separation aspect in small scale was investigated in the second part. All steps were performed by dispensing
reagents with the CERTUS FLEX liquid dispenser.

In the second part of the work, the focus was set to the aspect of droplet manipulation for a
possible workup procedure on the Droplet Microarray. In previous work, a method for merging
an aqueous and an organic droplet was presented to perform liquid-liquid extraction of a pink
dye Rhodamine B from the aqueous to the organic droplet. The simple setup of merging during
dispensing and separating by evaporating allowed up to 186 parallel extractions on one glass
slide with 300 nL of solvent per extraction step. In this work, the environmental conditions
were further investigated to manipulate the extraction time and therefore change the resulting
efficiency. For the first time the separation of a mixture in a planar setup on the Droplet
Microarray was presented. By introducing a second dye, which was not extracted, the mixture
of both dyes was separated into two differently stained droplets. This was seen as final proof,
that the transfer is based on the affinity to a different solvent and not by simple evaporation
effects. Due to the small scale, less convenient methods like image analysis and thin layer
chromatography were evaluated as readout for the extraction efficiency and the selectivity.
Furthermore, the independence of the extraction procedure from the density or volatility of the

solvent system was shown, which is a promising factor for future automatization techniques. In
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addition, the separation of a carboxylic acid and amine was demonstrated with a thin layer
chromatography readout. In analogy to bulk experiments, the acid/base extraction could be used
to selectively pull one compound to the neighboring spot. In addition, the pH of the aqueous
droplet could be changed by addition of acidic or basic solution and a multi-step extraction
could be performed to extract two different compounds to two different neighboring spots. This
was shown in this work with two basic chemicals, but could be applied in future screenings of
synthesized libraries with possibly interfering starting materials, side products or catalysts, if
they can be separated. Another possible application can be found in mass spectrometric
analytics of biological samples, where buffer component present in the biological sample can
cause problems during measurements. Removing lipophilic compounds from a crude cell
mixture could therefore increase the sensitivity in the analysis of cell membranes or metabolic
compounds. In comparison to manual handling in bulk extraction in separation funnel, this
method relies solely on the dispensing of solutions to the Droplet Microarray slide without any

additional manual transferring steps.

Last, a second principle of liquid-liquid extraction was developed on superhydrophilic Droplet
Microarray slides, where aqueous droplets could be immersed in a second, organic phase of
dichloromethane, while maintaining their shape. The interface created in this way could be used
for extraction, again exemplarily shown by a dye. After extraction, which could take up to 60
minutes without an impact on the droplets, the Droplet Microarray slide could be pulled out
carefully, still containing all droplets. The extraction could be also performed in the opposite
way, by staining the aqueous droplets with a pH indicator dissolved in the organic solvent. The
droplet size was varied from 5 x 16 round droplets with volumes of 5 pLL over 14 x 48 square
spots with 250 nL on 1 mm? to 2688 spots with a side length of 500 um, holding approximately
40 nL in an array of 28 x 96. In addition to that, the geometries could be varied to immerse flat
squares with up to 60 pL or heart-shaped droplets. This approach highlights impressively the
performance of the Droplet Microarray with aqueous droplets stably sticking to the surfaces.
Especially the ultra-high-throughput approach with 2688 extractions performed upon one
simple dipping step demonstrates the huge effect and possibilities of miniaturization and
parallelization. Also in this case, the extraction step can be performed without requiring special

devices and could be easily implemented in an automated workflow.

Besides all the challenges arising when the samples are further miniaturized beyond the limit
of manual handling, this work could introduce several different aspects of miniaturized and

parallel droplet manipulation. The combination of organic synthesis in 50 nL with a
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biochemical assay in 100 nL. or MALDI-MS measurements on the same slide as well as the
extraction procedure by merging droplets are all based on the addition of the required reagents
with a liquid dispenser. Despite the high density of 1152 droplets on a microscope glass slide,
each spot can be addresses individually to create large libraries with different compounds
spatially encoded. For further applications, additional automated analytics are required to
handle the high load of data obtained from a single Droplet Microarray, as the image analysis
tools developed recently by SCHILLING et al.l'?! but also in an integrated way for structural
characterizations of the synthesized compounds. While reaction planning and evaluation was
performed in this work mainly working with EXCEL, the next generation of screenings requires
a next generation of software solutions. Besides high-throughput experimentation to find the
most promising hits, the load of created data could further be used to train algorithms for the
computational prediction of optimized structures and reactions. This would act as a second
booster to the development of new materials, in particular of potential drugs. If the Droplet
Microarray finds its application in large pharmaceutical companies to accelerate and integrate
miniaturized drug development, not only large amounts of chemicals can be saved regarding
costs and sustainability, but also a larger number of targets could be tested for hits and enable

the development of affordable treatments that are urgently required.
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5 Experimental Part
5.1 Materials

For the SANOFI project (Chapter 3.1), the starting materials 10a-10c were synthesized at SANOFI
in Frankfurt and provided as 10.0 mg powder. Amines 18 - 22 were purchased by SANOFI and
provided in 20.0 mg batches. All chemicals were dissolved in DMSO to prepare 10 mM (acid)
and 50 mM (amine) stock solutions for the screening. The samples were stored at room

temperature.

For the enzymatic assay, the enzyme hmLMPTP and substrate DIFMUP was provided by
SANOFI.

Acetone, ethanol, and 2-propanol at technical grade and 1,4-dithiothreitol were purchased from
MERCK KGaA (Darmstadt, Germany). For MALDI-MS measurements, UHPLC grade

acetonitrile and water from Sigma-Aldrich (Darmstadt, Germany) were used.

Triethoxyvinylsilane, DMPAP, 4-pentenoic acid, 1-thioglycerol, Rhodamine B, PFDT, p-
anisidine, 2,5-dihydroxybenzoic acid, HCCA, DIPEA and 1-octanol were purchased from

SIGMA-ALDRICH (Darmstadt, Germany).

DIC was purchased from ALFA AESAR-THERMO FISHER GMBH (Kandel, Germany).
Bromothymol blue and HATU was purchased from VWR INTERNATIONAL GMBH (Darmstadt,
Germany). 4-DMAP was bought from NOVABIOCHEM (Darmstadt, Germany). Methylene blue
hydrate was purchased from FLUKA. TRIS-HCL was purchased from CARL ROTH (Karlsruhe,

Germany). All chemicals were used without further purification.

NEXTERION Glass B microscopic glass slides were bought from SCHOTT TECHNICAL GLASS
SoLuTiONs GMBH (Jena, Germany). Photomasks were bought from ROSE FOTOMASKEN
(Bergisch Gladbach, Germany)

UV Cuvettes were bought from BRAND GMBH AND Co. KG (Wertheim, Germany). Capillary
tubes were purchased from MARIENFELD (Lauda Konigshofen, Germany). ALUGRAM Xtra
SIL G/UV254 plates for TLC were purchased from MACHERY—-NAGEL (Diiren, Germany)
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5.2 Methods
5.2.1 Fabrication of Droplet Microarray Slides
Dendrimer DMA

Dendrimer DMA slides were prepared according to the protocol based on BENZ et al.!*”]
Microscope glass slides were activated by 10 min UV treatment using an UVO-cleaner 42-220
from JELIGHT COMPANY INC. (California, USA). Then, two glass slides were silanized with
400 puL triethoxyvinylsilane in a 50 mL tube for 16 h at 80°C. Next, an UV induced tiol-ene
click reaction using 10% (v/v) thioglycerol with 1% DMPAP in ethanol/water (1:1) was
performed on the surface with 2 min irradiation at 260 nm twice. Two slides were placed in a
50 mL tube containing 50 mL acetone with 4-DMAP (56 mg, 458 pmol), 4-pentenoic acid (125
uL, 127 mg, 1.27 mmol) and 180 uL DIC (180 nL, 220 mg, 1.75 mmol) for 4h. The two steps
of thiol-ene and esterification reaction were repeated three times to build the dendritic structure.
In the last step, a 10% (v/v) PFDT solution in isopropanol was used and a photomask was
applied during irradiation to create the omniphobic border. Last, the remaining spots were
modified with the thioglycerol solution as described before. With this procedure, 1152 round
omniphobic spots were created with a diameter of 900 um and a pitch of 1125 um between the

centers of the spots in an array of 18 x 64.

Z-Pattern DMA

The nanoparticle solution for coating the slides was prepared by mixing 0.25 g Silica
nanoparticles (AEROSIL 200, Evonik) with 30 mL ethanol followed by 30 min sonication at
room temperature with an ELMASONIC S 30 H sonicator. 340 pL vinyltrimethoxysilane and
200 pL conc. HCl were added and sonicated for 60 min. The solution was aged at room

temperature overnight.

The glass slides were activated by 10 min UC treatment using an UVO-cleaner 42-220 from
JELIGHT COMPANY INC. (California, USA). The slides were spin-coated with five times 500 pL
of the nanoparticle solution and spinning at 1000 rpm for 15 sec with a SPIN150i spin coater
(SPS EUROPE, Ingolstadt, Germany). After that the slides were cured for 1 h at 150°C with a

heating plate PRAZITHERM PZ60 (HARRY GESTIGHEIM GMBH, Diisseldorf, Germany).

The slides were washed with acetone and patterned by using 300 pL of a 10% (v/v) PFDT
solution in isopropanol and a photomask covering the required spots. The slide was irradiated
for 60 s with UV light in the UVA cUBE (DR. HONLE AG, Gilching, Germany) and washed with
acetone. In the last step, 300 pL of a solution containing 10% (v/v) thioglycerol with
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1% DMPAP in ethanol/water (1:1) was added, the slide was covered with a quarz glass and

irradiated again for 60s.

Depending on the photomask, the spot size could range from 2.82 mm diameter (5 % 16 spots)

to 350 um side length (144 x 42 spots).

5.2.2 Dispensing on Droplet Microarray Slides

For all dispensing steps, CERTUS FLEX from FRITZ GYGER AG (Gwatt, Switzerland) was used.
The DMA slides were placed in a slide holder purchased from AQUARRAY (Eggenstein-
Leopoldshafen, Germany). The solutions were dispensed with the respective calibration at 0.3
bar. For the enzymatic assay, the estimated density of the buffer by weighing respective
volumes was used for calibration. For 1-octanol the pressure was set at 0.6 bar to ensure proper

printing of the solvent with higher viscosity.

5.2.3 Enzymatic Assay

The assay was modified on the base of Stanford et al. IM BIS-TRIS solution was prepared in
HPLC grade water and the pH was adjusted to 6.1 with conc. HCL. The solution was stored at
4°C. Base buffer for the assay containing 50 mM BIS-TRIS, 0.01% Triton X-100 and 1.0 mm
DTT was prepared freshly before each experiment. simLMPTP enzyme was stored in aliquots
at -20°C at 1.148 mg/mL and diluted to a concentration of 0.29 pg/mL in base buffer to give
the enzyme buffer. For fluorescence readout, DIFMUP was used as substrate and stored as
200 mM stock solution in DMSO at -20°C. For substrate buffer, the stock was diluted to a
concentration of 20 mM in Base buffer. For the colorimetric assay, the substrate buffer
contained 6 mM p-NPP and enzyme buffer contained 0.3 ug/mL AmLMPTP. Enzyme and

substrate buffer were prepared freshly every time.

Before performing the biochemical assay on a DMA slide, a humidity chamber was prepared
by placing tissues soaked with 15 mL of base buffer in the lid and on the bottom of a darkened
petri dish. Prior to dispensing, the channel for enzyme buffer was filled with 1.0 mL of 5% BSA
in base buffer and incubated for 10 min. After that, the channel was emptied and flushed with
1.0 mL base buffer before Enzyme buffer was filled in. The DMA slide containing the
preprinted and evaporated samples was placed in an adaptor and 50 nL of enzyme (high control,
samples) or base buffer (low control) were dispensed on each 900 pm spot, with the exception
of a frame of the two outer rows containing 120 nL base buffer to prevent evaporation. The
slide was placed in the humidity chamber and incubated at room temperature for 30 min. Then,

50 nL of substrate buffer were dispensed on each spot and the slide was incubated in the

94



Experimental Part

humidity chamber at room temperature for 60 min. For the colorimetric assay with p-NPP, 100

nL 1 M NaOH solution was added.

For larger 3 mm spots, 1.5 uL of enzyme buffer and 1.5 puL substrate buffer were dispensed.
After 60 min incubation, 3 pL of 1 M NaOH solution was added before imaging for the p-NPP

assay.

To evaluate the results, a excel table was created to automatically calculate the mean values for
all repetitions of a sample and the standard deviation. Based on Equation I and II, the %

Inhibition and Z’ value was calculated.

5.2.4 Synthesis on the Droplet Microarray Slide

Stock solutions of the starting materials in DMSO were stored at room temperature and diluted
with the respective organic solvent to the final concentration prior to dispensing. The reaction
mixture consisting of 4-DMAP, HATU and DIPEA were mixed directly before the dispensing
step by diluting stock freshly prepared stock solutions to achieve the final ratios (0.25 equiv.
4-DMAP, 1-5 equiv. HATU, 5-10 equiv. DIPEA). 14 nL of the acid and reaction solutions were
dispensed on the spots surrounded by a frame of two rows 80 nL of the organic solvent. The
slide was placed in a glass petri dish containing a tissue in the lid and on the bottom, soaked
with the organic solvent. The petri dish was sealed with parafilm and incubated for 20 min at
room temperature in a fume hood. After that, 22 nL of the amine solutions were added and the
slide was incubated in the sealed petri dish for 18 h. To stop the reaction, the slide was placed
in a desiccator and vacuum was applied using a VACUUBRAND (Wertheim, Germany) pump
until the solvent was removed. Control solutions of known inhibitors and starting material were

dispensed in the same way.

5.2.5 Extraction Procedure

For on-chip extraction, Dendrimer DMAs were used with square spots with a side length of 900
pm. 100 — 300 nL of the aqueous solution was dispensed with 0.3 bar in the center of the
respective spots first. The organic solvents were dispensed with a printing scheme that was
shifted by —875 um with a volume of 75-100 nL. 1-octanol was printed with 0.6 bar, for 2-
bromotoluene, toluene, and cyclohexanone, a pressure of 0.3 bar was used. If nothing else is
mentioned in the description, the slide was placed in an opened hood until the separation of the

droplets was completed.

In the Dip-Extraction experiments, Z DMAs were used with different patterns. If not stated

otherwise, the pattern was filled with 0.4 mM aqueous Rhodamine B solution (900 pm: 100 nL,

95



Experimental Part

I mm square: 250 nL, 2.83 mm round: 5 uL) and then carefully immersed in 45 mL DCM either
in a 50 mL centrifuge tubes or 15 cm diameter glass petri dish. After the extraction was done
or at a certain time point, the slide was slowly taken out using tweezers. Remaining DCM was
dropping of or evaporated within 20 sec. Then the slide was imaged either with a camera,

microscope or scanner for further analysis.

5.2.6 Analytical Methods

MALDI-MS measurements

MALDI- MSI measurements were performed by the group of PROF. CARSTEN HOPF (CEMOS)
under the supervision of DR. STEFAN SCHMIDT (CEMOS) on a rapifleX MALDI Tissuetyper
(BRUKER DALTONICS GmbH, Bremen) in reflector positive operation mode with a raster size of
100 um. For each data point, ion intensities emerging from 200 laser shots were accumulated
at a repetition rate of 10 000 Hz. The laser fluency was optimized for every slide. Spectra were
recorded in a mass range from 100 to 600 Da. Calibration of the mass spectra was done by

clusters of red phosphorus!*’! in cubic enhanced mode.

Data analysis was initially performed in SCiLS Lab MV'S (BRUKER DALTONICS GmbH, Version
2022b Pro). Mass features were selected, and the corresponding ion images were exported as
imzML format using the reduced feature list, total ion count normalization and peak area.
Exported ion images were analyzed in a Python3.8 script using the pyimzml parser (Fay D.

pyimzML parser for the imzML format. https://github.com/alexandrovteam/pyimzML) for data

import. For each DMA spot, the sum intensity for a given spot was calculated and used for

further analysis.

TLC

For TLC, plates with silica gel coated with fluorescent indicator F254 from MERCK were used.
The compounds were collected with a capillary from the DMA and added on the plate. This
was placed in a TLC chamber with the respective solvent mixture. Some compounds were

stained with iodine vapor and the plates were imaged with a digital camera.

LC-MS

Samples were either diluted to a max. concentration of 50% DMEF in either pure acetonitrile or
in an ACN/water mixture (1:1) or directly dissolved in the mentioned solvent. For evaluation,
the peak area of either the TIC or absorbance chromatogram at 254 nm was compared. For this

work, two different LC-MS devices have been used.
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I: LC-MS measurements were performed with a gradient of ACN:water 10:90 — 99:1 over 20
min at a flow rate of 1.0 mL/min with a KINETEX 2.6p Xb-C18 100A column on a device

from Agilent. The signals were detected by a dynamic array detector in a range of 230 — 400
nm. A HP 1100 MSD Mass detector was used for the detection and AIP-ES was used for the

ionization. The mass was detected in the positive mode, if not mentioned otherwise.

II: LC-MS measurements were performed on an AGILENT 1260 Infinity II system consisting of
a quaternary pump (GB7111B;), autosampler (G7129A, 100 uL sample loop), a temperature-
controlled column oven (G7114A) and a variable UV-VIS detector (G7114 A, VWD, flow cell
G7114A 018, d = 10 mm, V = 14 pL). Separation was performed on a C18 HPLC-column
(AGILENT Poroshell 120 EC-C18 4,6x100mm, 2,7um) operating at 40 °C. A gradient of
ACN:water 10:90 — 80:20 v/v (additive 10 mmol L' NH4CH3COx) at a flow rate of 1 mL-min-
! during 15 min was used as the eluting solvent. The flow was directed into an AGILENT MSD
(G6136BA, AP-ESI ion source). The instrument was calibrated in the m/z range 118-2121 in
the positive mode and 113-2233 in the negative using a premixed calibration solution
(AGILENT). The following parameters were used: spray chamber flow: 12 L min’'; drying gas

temperature: 350 K, Capillary Voltage: 3000 V, Fragmentor Voltage: 100 V

Contact Angle Measurement

For determination of Contact Angles, the Drop Shape Analyzer DSA25 from KRUSS (Hamburg,
Germany) in the sessile droplet mode. 5 pL of the respective solvent were dispensed on the
modified glass slide and the static contact angle was measured. Three measurements were taken

at three different positions and a mean value with standard deviation was calculated.

UV-Vis spectroscopy

A DMA with spots with a diameter of 2.82 mm containing the solutions to be analyzed was
placed in a 3D printed holder. A second slide was placed in the top part of the holder and both
parts were stacked together so that the slides were sandwiched and the droplets were caught
between both slides. In this adapter, the slides could be analyzed with a BIOTEK Synergy H1

plate reader.

Fluorescence Microscopy

To analyze the enzymatic assay, the DMA slide was covered with a sticky chamber consisting
of a second quartz glass slide and a rubber band a spacer and placed in a fresh petri dish. Using
a KEYENCE fluorescence microscope BZ-X800 (Neu-Isenburg, Germany), images were taken

in brightfield and blue fluorescence mode.
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Digital Microscope

Digital microscope images of the droplets were taken with a KEYENCE VHX 7000 from top or
with different angles. For fluorescence images, an additional UV light source (360 nm) was
placed next to the sample and a barrier filter (415 nm) from NIGHTSEA (Hatfield, USA)was

placed in the analyzer head.

Document Scanner
Images of the Droplet Microarray were taken with a document scanner CanoScan 8800F from
CANON Deutschland GmbH (Krefeld, Germany) at 70% exposure. The images are shown in the

figures without any color modification.

Image Analysis

ImageJ

Before the GRID SCREENER Tool!!% was developed, the color intensity was analyzed using the
software IMAGEJ. The image was converted to a HSV-stack for color intensity or LAB-stack
for color identification. A square within the spots was analyzed to give the mean intensity value.

This was done manually, keeping the frame always in the same size for the measurements.

Grid Screener
For most color and fluorescence intensity evaluations, the GRID SCREENER from SCHILLING et

al.[103]

was used. The array was detected in the semi-automated mode by marking the right and
left border of a randomly chosen spot and in addition the top left, top right and bottom right
spot in the center. After identification of the grid, the evaluation method was chosen. The mean
value of the fluorescence per spots was evaluated with mean_intensity fluorescence after
loading the respective image of the fluorescence channel. For color determination, the
color_evalutaion was used, where the exact values of the color to be analyzed was added. The
intensities were given as value per spot in a text file and were evaluated further according to
the protocol. The GRID SCREENER was developed in the same time as this work, so the initial

measurements were performed by MARCEL SCHILLING with a prototype version, until the user

interface was developed.

Graphics were created with BioRender.com
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6 List of Abbreviations

°C

u
4-DMAP
ACN
ASMS
BIS-TRIS
BSA
conc.
DAPI
DCM
DHB

dI

DIC
DiFMUP
DIPEA
DMA
DMF
DMPAP
DMSO
EDMA
ELRIG
EMA
FDA
HATU

HEMA
HPLC
HCCA
HCI
hmLMPTP
HT

ITO

degrees Celsius

micro (10°)

4-dimethylaminopyridine

acetonitrile

affinity selection mass spectrometry
bis(2-hydroxyethyl)amino-tris(hydroxymethyl)methane
bovine serum albumin

concentrated

4’-6-diamidino-2-phenylindole dihydrochloride
dichloromethane

2,5-dihydroxybenzoic acid

deionized

N,N’-diisopropylcarbodiimide
8,6-difluoro-4-methylumbelliferyl phosphate
diisopropylethylamine

Droplet Microarray

dimethyl formamide
2,2-dimethoxy-2-phenylacetophenone

dimethyl sulfoxide

ethylene dimethacrylate

european laboratory research and innovation group
european medicines agency

food and drug administration

[O-(7-Azabenzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium-hexafluoro
phosphate

2-hydroxyethyl methacrylate

high performance/pressure liquid chromatography
alpha-hydroxycinnamic acid

hydrochloric acid

human low molecular weight phosphotyrosine protein phosphatase
high-throughput

indium tin oxide
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LC-MS liquid chromatography mass spectrometry
LLE liquid-liquid extraction

MALDI matrix-assisted laser desorption/ionization
MeOH methanol

Mrd. Milliarden (billion)

MS mass spectrometry

NaOH sodium hydroxide

n nano (107)

NMP N-methyl-2-pyrrolidone

NMR nuclear magnetic resonance

Pa pascal

PCR polymerase chain reaction

p-NPP para-nitrophenyl phosphate

SAMDI self-assembled monolayer desorption ionization
SLAS society for laboratory automation and screening
SPS solid-phase synthesis

t time

TFA trifluoroacetic acid

TLC thin layer chromatography

TOF time of flight

UPLC ultra performance liquid chromatography
Uuv ultraviolet

Vis visible
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Figure 71: Control LC-MS measurements for the pure compounds 12a, 12b and 10a. LC-MS method I was used.
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Figure 72: LC-MS chromatograms for the first experiment from Figure 30. Signals for 10a (grey) and 12a (green)

are highlighted. LC-MS method I was used.
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Figure 73: LC-MS chromatograms for the second experiment from Figure 30. Signals for 10a (grey), 12a (green)
and 12b (red) are highlighted. LC-MS method I was used.
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Figure 74: LC-MS chromatograms for the third experiment from Figure 30. Signals for 10a (grey), 12a (green)
and 12b (red) are highlighted. LC-MS method I was used.
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Figure 75: LC-MS measurements for the dilution series of a reaction from Figure 41 with the measurement of the
starting material 10a as control for the new device and setup. The colored bars indicate the retention time of 10a
(grey), 26 (red) and 12a (green). LC-MS method II was used.
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Figure 76: LC-MS measurements for the variation of the equivalents of HATU and DIPEA in the reaction from
Figure 41. The colored bars indicate the retention time of 26 (red) and 12a (green). LC-MS method II was used.
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Figure 77: LC-MS measurements for the variation of solvent (top to down) at two different concentrations
(left/right) from Figure 42. The colored bars indicate the retention time of 10a (grey), 26 (red) and 12a (green).
LC-MS method II was used.
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MALDI-MS Spectra for Chapter 3.1
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Figure 78: Mass spectra from first MALDI-MS measurements (3.1.6). The whole (top) and zoomed (right) spectra
are shown for representative spots for amide 12b, 12a, HCCA, synthesis of 12a and synthesis of 12b (top to

bottom).
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MALDI-MS-screening (Chapter 3.1.7)
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Figure 79: Printing scheme for the reaction screening with MALDI-MS-readout (Chapter 3.1.7.). White spots
were filled with DMF only for reduction of evaporation effects. colored spots were used for controls, grey spots
were used for the synthesis. The reaction IDs are listed in the table below. Green highlighted spots without
numbers were used as matrix control spots for MALDI-MS.
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Table 6: List of all reaction conditions tested in Chapter 3.1.7. 'Ratio 1: 1.50 equiv. amine, 5.00 equiv. DIPEA;

2:1.50 equiv. amine, 10.0 equiv. DIPEA; 3: 3.00 equiv. amine, 10.0 equiv. DIPEA.

Reaction ID Acid Amine Ratio! Product concentration
1 10a 18b 1 12a 120 uM
2 10a 18b 1 12a 20 uM
3 10a 18b 2 12a 120 uM
4 10a 18b 2 12a 20 uM
5 10a 18b 3 12a 120 uM
6 10a 18b 3 12a 20 uM
7 10a 19b 1 12b 120 uM
8 10a 19b 1 12b 20 uM
9 10a 19b 2 12b 120 uM
10 10a 19b 2 12b 20 uM
11 10a 19b 3 12b 120 uM
12 10a 19b 3 12b 20 uM
13 10a 20 1 12¢ 120 uM
14 10a 20 1 12¢ 20 uM
15 10a 20 2 12¢ 120 uM
16 10a 20 2 12¢ 20 uM
17 10a 20 3 12¢ 120 uM
18 10a 20 3 12¢ 20 uM
19 10a 21 1 12d 120 uM
20 10a 21 1 12d 20 uM
21 10a 21 2 12d 120 uM
22 10a 21 2 12d 20 uM
23 10a 21 3 12d 120 uM
24 10a 21 3 12d 20 uM
25 10a 22 1 12¢ 120 uM
26 10a 22 1 12¢ 20 uM
27 10a 22 2 12¢ 120 uM
28 10a 22 2 12¢ 20 uM
29 10a 22 3 12¢ 120 uM
30 10a 22 3 12¢ 20 uM
31 10a TFA 18b 1 12a 120 uM
32 10a TFA 18b 1 12a 20 uM
33 10a TFA 18b 2 12a 120 uM
34 10a TFA 18b 2 12a 20 uM
35 10a TFA 18b 3 12a 120 uM
36 10a TFA 18b 3 12a 20 uM
37 10a TFA 19b 1 12b 120 uM
38 10a TFA 19b 1 12b 20 uM
39 10a TFA 19b 2 12b 120 uM
40 10a TFA 19b 2 12b 20 uM
41 10a TFA 19b 3 12b 120 uM
42 10a TFA 19b 3 12b 20 uM
43 10a TFA 20 1 12¢ 120 uM
44 10a TFA 20 1 12¢ 20 uM
45 10a TFA 20 2 12¢ 120 uM
46 10a TFA 20 2 12¢ 20 uM
47 10a TFA 20 3 12¢ 120 uM
48 10a TFA 20 3 12¢ 20 uM
49 10a TFA 21 1 12d 120 uM
50 10a TFA 21 1 12d 20 uM
51 10a TFA 21 2 12d 120 uM

X
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52 10a TFA 21 2 12d 20 uM
53 10a TFA 21 3 12d 120 uM
54 10a TFA 21 3 12d 20 uM
55 10a TFA 22 1 12¢ 120 uM
56 10a TFA 22 1 12¢ 20 uM
57 10a TFA 22 2 12¢ 120 uM
58 10a TFA 22 2 12¢ 20 uM
59 10a TFA 22 3 12¢ 120 uM
60 10a TFA 22 3 12¢ 20 uM
61 10a HCI 18b 1 12a 120 uM
62 10a HCI 18b 1 12a 20 uM
63 10a HCI 18b 2 12a 120 uM
64 10a HCI 18b 2 12a 20 uM
65 10a HCI 18b 3 12a 120 uM
66 10a HCI 18b 3 12a 20 uM
67 10a HCI 19b 1 12b 120 uM
68 10a HCI 19b 1 12b 20 uM
69 10a HCI 19b 2 12b 120 uM
70 10a HCI 19b 2 12b 20 uM
71 10a HCI 19b 3 12b 120 uM
72 10a HCI 19b 3 12b 20 uM
73 10a HCI 20 1 12¢ 120 uM
74 10a HCI 20 1 12¢ 20 uM
75 10a HCI 20 2 12¢ 120 uM
76 10a HCI 20 2 12¢ 20 M
77 10a HCI 20 3 12¢ 120 uM
78 10a HCI 20 3 12¢ 20 uM
79 10a HCI 21 1 12d 120 uM
80 10a HCI 21 1 12d 20 uM
81 10a HCI 21 2 12d 120 uM
82 10a HCI 21 2 12d 20 uM
83 10a HCI 21 3 12d 120 uM
84 10a HCI 21 3 12d 20 uM
85 10a HCI 22 1 12¢ 120 uM
86 10a HCI 22 1 12¢ 20 uM
87 10a HCI 22 2 12¢ 120 uM
88 10a HCI 22 2 12¢ 20 uM
89 10a HCI 22 3 12¢ 120 uM
90 10a HCI 22 3 12¢ 20 uM
91 10b HCI 18b 1 12f 120 uM
92 10b HCI 18b 1 12f 20 uM
93 10b HCI 18b 2 12f 120 uM
94 10b HCI 18b 2 12f 20 uM
95 10b HCI 18b 3 12f 120 uM
96 10b HCI 18b 3 12f 20 uM
97 10b HCI 19b 1 12g 120 uM
98 10b HCI 19b 1 12g 20 uM
99 10b HCI 19b 2 12g 120 uM
100 10b HCI 19b 2 12g 20 uM
101 10b HCI 19b 3 12g 120 uM
102 10b HCI 19b 3 12g 20 uM
103 10b HCI 20 1 12h 120 uM
104 10b HCI 20 1 12h 20 uM
105 10b HCI 20 2 12h 120 pM
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106 10b HCI 20 2 12h 20 uM
107 10b HCI 20 3 12h 120 pM
108 10b HCI 20 3 12h 20 uM
109 10b HCI 21 1 12i 120 uM
110 10b HCI 21 1 12i 20 uM
111 10b HCI 21 2 121 120 pM
112 10b HCI 21 2 121 20 uM
113 10b HCI 21 3 12i 120 uM
114 10b HCI 21 3 12i 20 uM
115 10b HCI 22 1 12] 120 uM
116 10b HCI 22 1 12] 20 uM
117 10b HCI 22 2 12] 120 pM
118 10b HCI 22 2 12] 20 uM
119 10b HCI 22 3 12] 120 uM
120 10b HCI 22 3 12] 20 uM
121 10c TFA 18b 1 12k 120 pM
122 10c TFA 18b 1 12k 20 uM
123 10c TFA 18b 2 12k 120 uM
124 10c TFA 18b 2 12k 20 uM
125 10c TFA 18b 3 12k 120 pM
126 10c TFA 18b 3 12k 20 uM
127 10c TFA 19b 1 121 120 pM
128 10c TFA 19b 1 121 20 uM
129 10c TFA 19b 2 121 120 uM
130 10c TFA 19b 2 121 20 uM
131 10c TFA 19b 3 121 120 pM
132 10c TFA 19b 3 121 20 uM
133 10c TFA 20 1 12m 120 uM
134 10c TFA 20 1 12m 20 uM
135 10c TFA 20 2 12m 120 pM
136 10c TFA 20 2 12m 20 uM
137 10c TFA 20 3 12m 120 uM
138 10c TFA 20 3 12m 20 uM
139 10c TFA 21 1 12n 120 uM
140 10c TFA 21 1 12n 20 uM
141 10c TFA 21 2 12n 120 pM
142 10c TFA 21 2 12n 20 uM
143 10c TFA 21 3 12n 120 uM
144 10c TFA 21 3 12n 20 uM
145 10c TFA 22 1 120 120 pM
146 10c TFA 22 1 120 20 uM
147 10c TFA 22 2 120 120 uM
148 10c TFA 22 2 120 20 uM
149 10c TFA 22 3 120 120 pM
150 10c TFA 22 3 120 20 uM
151 10c HCl 18b 1 12k 120 uM
152 10c HCl 18b 1 12k 20 uM
153 10c HCl 18b 2 12k 120 uM
154 10c HCI 18b 2 12k 20 uyM
155 10c HCI 18b 3 12k 120 pM
156 10c HCl 18b 3 12k 20 uM
157 10c HCl 19b 1 121 120 uM
158 10c HCl 19b 1 121 20 uM
159 10c HCI 19b 2 121 120 pM
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160 10c HCI 19b 2 121 20 uM
161 10c HCI 19b 3 121 120 pM
162 10c HCI 19b 3 121 20 uM
163 10c HCI 20 1 12m 120 uM
164 10c HCI 20 1 12m 20 uM
165 10c HCI 20 2 12m 120 uM
166 10c HCI 20 2 12m 20 uM
167 10c HCI 20 3 12m 120 uM
168 10c HCI 20 3 12m 20 uM
169 10c HCI 21 1 12n 120 uM
170 10c HCI 21 1 12n 20 uM
171 10c HCI 21 2 12n 120 uM
172 10c HCI 21 2 12n 20 uM
173 10c HCI 21 3 12n 120 uM
174 10c HCI 21 3 12n 20 uM
175 10c HCI 22 1 120 120 pM
176 10c HCI 22 1 120 20 uM
177 10c HCI 22 2 120 120 uM
178 10c HCI 22 2 120 20 uM
179 10c HCI 22 3 120 120 pM
180 10c HCI 22 3 120 20 uM
181 10a 120 pM
182 10a 20 uM
183 10a TFA 120 uM
184 10a TFA 20 uM
185 10a HCI 120 pM
186 10a HCI 20 uM
187 10b HCI 120 uM
188 10b HCI 20 uM
189 10c TFA 120 pM
190 10c TFA 20 uM
191 10c HCI 120 uM
192 10c HCI 20 uM
193 18b 2 120 uM
194 18b 2 20 uM
195 19b 2 120 pM
196 19b 2 20 uM
197 20 2 120 uM
198 20 2 20 uM
199 21 2 120 uM
200 21 2 20 uM
201 22 2 120 uM
202 22 2 20 uM
203 1 120 pM
204 1 20 uM
205 2 120 uM
206 2 20 uM
207

208

209 12a 120 uM
210 12a 20 uM
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Figure 80: MALDI-MS results for Acid 10a in 120 uM (A) and 20 pM (B) reaction concentration. The signal

intensity is given for different mass signals, assigned by color code to the respective amide and acid.
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Figure 81: MALDI-MS results for Acid 10b in 120 uM (A) and 20 pM (B) reaction concentration. The signal

intensity is given for different mass signals, assigned by color code to the respective amide and acid.
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Acid 10c TFA/HCI - 20 uM
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Figure 82: MALDI-MS results for Acid 10¢ in 20 uM reaction concentration. The signal intensity is given for
different mass signals, assigned by color code to the respective amide and acid.
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Extraction with Environmental Impact (Chapter 3.2.2)

A C 404
354
— 304
35
<
:25-
? 204
L
£ 15 /=578+5147x ¢
104
5
0 0 0 0 0 1 1 1
D E c [mM]
hood
humidity
vacuum

Figure 83: Calibration of Rhodamine B in 1-octanol as scanned (A), saturation value S from HSV stack (B) and

the resulting calibration (C). D) Original scanned image and E) S-value and of a whole slide after extraction with
1-octanol with different environmental conditions.
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Dip-Extraction (Chapter 3.2.7)

Figure 84: Scanned DMAs from Rhodamine B extraction from 1.00 mm square spots. A) Calibration curve with
dilution series of Rhodamine B. B) 0.40 mM Rhodamine B solution after different extraction times. The spots
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have a side length of 1.00 mm. The DMA was imaged with a document scanner.
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