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Abstract

Precision oncology is an approach that tailors therapies to the genetic and molecular characteristics
of each patient’s tumor. Functional precision oncology expands on this idea by identifying optimal
treatment strategies based on the specific responses of individual tumors to experimental drug
testing. Drug Sensitivity and Resistance Testing (DSRT) involves exposing cancer cells from
patient biopsies to various anticancer drugs in vitro to determine the most effective therapy for each
patient. However, this strategy often faces a number of challenges, including limited tumor cell
availability, in particular from solid tumors, high costs, and long timelines for generating actionable
data. These challenges are particularly significant for patients with advanced, inoperable cancers,
where core needle biopsies yield small cell samples that must be shared across multiple diagnostic
tests, leaving little material for DSRT. Furthermore, traditional DSRT methods, which typically
rely on microtiter plates to test multiple drugs, require large amounts of cellular material and costly

reagents, making them inaccessible to many patients.

In response to these challenges, miniaturization has emerged as a promising solution, enabling the
development of advanced high-throughput screening platforms such as the Droplet Microarray
(DMA). The DMA platform uses patterned hydrophilic and superhydrophobic surfaces to confine
nanoliter-scale liquid droplets without the need for physical barriers. By reducing assay volumes
by several orders of magnitude compared to traditional microtiter plates, the DMA platform
significantly lowers cell and reagent consumption, offering a cost-effective approach to DSRT.
This study presents the integration of the DMA platform into multiple functional precision
oncology studies, demonstrating its application and efficacy in this field. The first project focuses
on developing a miniaturized DSRT platform on primary cancer cells derived from patients’ Lung
cancer tumors. The second project investigates the use of decitabine to sensitize glioblastoma cells
and identifies drugs that, when paired with decitabine, demonstrate enhanced efficacy against
glioblastoma. The third project introduces a hydrogel-based culture system on DMA platform,
capable of incorporating cells or cell spheroids while maintaining stability during washing and

medium immersion.
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Lung cancer remains a leading cause of cancer mortality worldwide. Current treatment strategies
rely on standardized approaches such as surgery, radiotherapy and systemic therapy. In the first
project, a miniaturized DSRT platform is developed using DMA technology to advance therapeutic
options for this type of cancer toward functional precision oncology. Tumor samples from patients
with stage | to Il1 Non-small cell lung carcinoma (NSCLC) were dissociated into single-cell
suspensions using manual and semi-automated methods and dispensed onto DMA slides pre-
printed with a panel of 12 chemotherapy drugs at five different concentrations. The DMA platform
demonstrated reproducible drug sensitivity results with as few as 300 cells per spot, revealing
patient-specific responses. Sensitivity to vinorelbine and carboplatin varied across patients and
tumor regions, emphasizing the platform’s ability to capture both inter- and intra-patient variability.
Furthermore, the DMA system successfully conducted DSRT on artificial needle biopsy samples,
highlighting its potential for application in patients with limited tumor material.

The second project is focused on glioblastoma (GBM), which is highly resistant to standard
therapies due to epigenetic dysregulation. This study investigates a therapeutic strategy that uses
decitabine (DAC), a DNA methyltransferase inhibitor, to sensitize glioblastoma cells and enhance
their response to treatment, followed by high-throughput screening (HTS) of CNS-penetrating
drugs. Using the DMA platform, GBM cells pre-treated with DAC were screened under
miniaturized conditions (200 nL per spot) against 722 CNS-penetrating drugs. This high-
throughput approach identified several promising drugs including Obatoclax Mesylate, GNE-317,
Vorinostat, Trametinib, and Flavopiridol which showed significantly enhanced efficacy in DAC-
pretreated cells compared to DAC-untreated cells. These findings highlight the potential of
combining epigenetic sensitization, such as with decitabine, and high-throughput drug testing to

overcome therapeutic resistance in GBM.

In the third project, to further enhance the physiological relevance of in vitro models, the integration
of hydrogel-based 3D cell cultures into the DMA platform was investigated. Dextran-PEG
hydrogels were used to create stable nanoliter-volume arrays, supporting individual cells or
spheroids. Two methods were developed to generate hydrogel pads on DMA platform. In the first
method cells were pre-mixed with hydrogel precursors and dispensed on the spots and the second
method includes on-chip gelation of cell-laden droplets. The hydrogel arrays demonstrated high

structural integrity and cell viability, maintaining spheroid stability during washing and medium
I



Abstract

immersion. The selective gelation of individual spheroids inside of nanoliter droplets enables
sorting of different spheroids and their patterning in a simple way, while gelation-degelation cycles
provided advanced cell manipulation capabilities. This platform offers a robust tool for high-
throughput screening in 3D microenvironments with application in cancer drug screening and

precision medicine.

The integration of miniaturized DSRT and 3D culture systems on the DMA platform represents a
significant advancement in precision oncology. By reducing the amount of cellular material and
reagents required, these technologies make comprehensive drug sensitivity testing accessible to a
broader range of patients, including those with minimal biopsy samples. Moreover, the platform
enables rapid and cost-effective drug screening, facilitating more personalized and effective cancer
therapies. This study highlights the potential of miniaturized HTS platforms in overcoming key
limitations in current workflows therefore, advancing research in different fields such as drug

screening and functional precision oncology.



Kurzfassung

Die Prazisionsonkologie ist ein Ansatz, der Therapien an die genetischen und molekularen
Eigenschaften des Tumors jedes einzelnen Patienten anpasst. Die funktionelle Prézisionsonkologie
erweitert dieses Konzept, indem sie optimale Behandlungsstrategien basierend auf den
spezifischen Reaktionen individueller Tumore auf experimentelle Medikamententests identifiziert.
Drug Sensitivity and Resistance Testing (DSRT) untersucht in vitro die Empfindlichkeit von
Krebszellen aus Patientenbiopsien gegenlber verschiedenen Krebsmedikamenten, um die
effektivste Therapie zu bestimmen. Diese Methode st6f3t jedoch haufig auf Herausforderungen wie
begrenzte Verfiigbarkeit von Tumorzellen, insbesondere bei soliden Tumoren, hohe Kosten und
lange Zeitrdume fiir die Generierung verwertbarer Daten. Diese Hindernisse sind besonders
relevant bei Patienten mit fortgeschrittenen, inoperablen Krebsarten, bei denen Nadelbiopsien nur
geringe Zellmengen liefern, die fir mehrere diagnostische Tests aufgeteilt werden miissen, was

wenig Material fir DSRT dbrig I&sst.

Um diese Herausforderungen zu bewaltigen, hat sich die Miniaturisierung als vielversprechende
Losung etabliert. Plattformen wie die Droplet Microarray (DMA) ermdglichen durch die Nutzung
hydrophiler und superhydrophober Oberflachen die Konfination von Nanoliter-Tropfen ohne
physische Barrieren. Mit einer drastischen Reduktion der Testvolumina im Vergleich zu
herkdmmlichen Mikrotiterplatten senkt die DMA-Technologie den Zell- und Reagenzverbrauch
erheblich und bietet eine kosteneffiziente Alternative fir DSRT. Diese Studie zeigt die Integration
der DMA-Plattform in verschiedene funktionelle Prézisionsonkologieprojekte und demonstriert

deren Anwendung und Wirksamkeit.

Das erste Projekt widmet sich der Entwicklung einer miniaturisierten DSRT-Plattform fiir primére
Krebszellen aus Lungenkrebstumoren von Patienten. Tumorproben von Patienten mit NSCLC
(Stadium I bis 1) wurden durch manuelle und semi-automatisierte Methoden in

Einzelzellsuspensionen uberfihrt und auf DMA-Slides mit 12 Chemotherapie-Medikamenten in

v



Kurzfassung

finf Konzentrationen verteilt. Die Plattform zeigte reproduzierbare Ergebnisse bereits bei
Zellzahlen von nur 300 Zellen pro Spot und offenbarte patientenspezifische Antworten.
Unterschiede in der Empfindlichkeit gegentiber Vinorelbin und Carboplatin zwischen Patienten
und Tumorregionen unterstreichen die F&higkeit der Plattform, sowohl inter- als auch
intraindividuelle Variabilitat zu erfassen. Dartiber hinaus konnte das System erfolgreich DSRT an
kinstlichen Nadelbiopsieproben durchfiihren und zeigt so das Potenzial fur Anwendungen bei

Patienten mit begrenztem Tumormaterial.

Das zweite Projekt fokussiert auf Glioblastome (GBM), die aufgrund epigenetischer Dysregulation
hochresistent gegenuiber Standardtherapien sind. Hierbei wurde Decitabin (DAC), ein DNA-
Methyltransferase-Inhibitor, eingesetzt, um GBM-Zellen zu sensibilisieren und ihre
Therapieresistenz zu Gberwinden. Unter miniaturisierten Bedingungen (200 nL pro Spot) wurden
DAC-vorbehandelte GBM-Zellen gegen 722 CNS-penetrierende Medikamente getestet. Die
Hochdurchsatzanalyse identifizierte vielversprechende Wirkstoffe wie Obatoclax Mesylate, GNE-
317, Vorinostat, Trametinib und Flavopiridol, die in DAC-vorbehandelten Zellen eine signifikant
hohere Wirksamkeit zeigten. Diese Ergebnisse verdeutlichen das Potenzial, epigenetische
Sensibilisierung und Hochdurchsatztests zu kombinieren, um die Therapie von GBM zu

verbessern.

Das dritte Projekt erforschte die Integration von Hydrogel-basierten 3D-Zellkulturen in die DMA-
Plattform zur Erhéhung der physiologischen Relevanz von in vitro-Modellen. Dextran-PEG-
Hydrogele wurden genutzt, um stabile Nanoliter-Arrays zu erzeugen, die einzelne Zellen oder
Spheroide unterstiitzen. Zwei Methoden zur Zellinkorporation wurden entwickelt: das Vormischen
von Zellen mit Hydrogel-Prakursoren und die direkte Gelierung von zellhaltigen Tropfen auf der
Plattform. Die Hydrogel-Arrays zeigten eine hohe strukturelle Integritdt und Zellviabilitét,
wéhrend die Stabilitdt von Spheroiden wéhrend Waschschritten und Mediumwechsel erhalten
blieb. Die selektive Gelierung von Spheroiden in Nanolitertropfen ermdéglicht eine einfache
Sortierung, wahrend Gelierungs-De-Gelierungs-Zyklen fortschrittliche Zellmanipulationen

unterstitzen.
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Die Kombination von miniaturisierten DSRT- und 3D-Kultursystemen auf der DMA-Plattform
stellt einen bedeutenden Fortschritt in der Prazisionsonkologie dar. Durch die Reduktion des Zell-
und Reagenzverbrauchs werden umfassende Tests auch fir Patienten mit minimalen
Biopsieproben zugéanglich. Die Plattform ermdéglicht zudem eine schnelle und kosteneffiziente
Medikamentenscreening, wodurch personalisierte und effektivere Krebstherapien gefordert
werden. Diese Studie unterstreicht das Potenzial miniaturisierter Hochdurchsatzplattformen,
zentrale Einschrankungen aktueller Workflows zu tiberwinden und die Forschung in Bereichen wie

Medikamentenscreening und funktionelle Prézisionsonkologie voranzutreiben.

\



Preface
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1. General Introduction

1.1. The Evolving Landscape of Cancer Treatment

Cancer, a leading cause of mortality worldwide, is a group of diseases characterized by
uncontrolled proliferation of abnormal cells and the ability to invade adjoining parts of the body or
spread to the other organs. 2 In 2022, an estimated 20 million new cancer cases were diagnosed
worldwide, with 9.7 million deaths. Approximately 53.5 million people were living within five
years of their cancer diagnosis. On average, around 1 in 5 people will develop cancer during their
lifetime, while roughly 1 in 9 men and 1 in 12 women will die from the disease, reflecting the
growing burden of the disease worldwide ©®. This alarming trend highlights the critical need for

continued research and advancements in cancer prevention, diagnosis, and treatment strategies.

A tumor is an abnormal mass of tissue that arises from uncontrolled cell growth. Tumors can be
classified as benign (non-cancerous) or malignant (cancerous), with malignant tumors having the
ability to invade and spread to other parts of the body via the circulatory or lymphatic systems
forming the metastasis. Solid tumors are a category of malignant tumors that develop in solid
organs such as the lungs or brain. Unlike hematologic malignancies, which affect blood-forming
tissues, solid tumors develop in various organs and tissues and are further classified based on their
tissue of origin and biological characteristics. There are three major types of solid tumors:
Carcinomas, the most common type, arise from epithelial cells that line organs and body surfaces,
Sarcomas develop from connective tissues such as bone, muscle, or fat,> and central nervous

system (CNS) tumors, including gliomas, originate in the brain or spinal cord.®

The treatment of solid tumors typically involves a combination of conventional methods such as
surgical resection followed by radiotherapy and systemic therapies (Figure 1), including
chemotherapy, targeted therapy, and immunotherapy, which affect the entire body in contrast to
localized treatments such as surgery or radiation that target specific areas. While these approaches
can be effective in certain context, they are developed based on large clinical trials designed to
provide broad therapeutic benefits to a wide range of patients.® However, these conventional

methods often fail to address the unique characteristics of individual cancers. Some tumors may be

-1-
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resistant to commonly used therapies, making them ineffective, while others may respond better to
less conventional treatments. Furthermore, cancers often contain specific mutations, markers, or
molecular features that can guide the selection of the most suitable therapy, but these are not

considered in traditional approaches.”

These limitations highlight the need for more targeted and personalized approaches in cancer
treatment. Therefore, in recent years, there has been a shift in oncology toward more personalized

and precise treatment strategies.

1.2. Precision oncology

Precision oncology is an innovative approach to cancer treatment that tailors therapies based on
the genetic, molecular, and environmental characteristics of an individual’s tumor.® The primary
aim of precision oncology is to move away from the ‘one-size-fits-all’ model of cancer treatment
by identifying and targeting the specific characteristics of a tumor therefore, improve the treatment
outcomes, reduce unnecessary side effects, and offer more effective therapeutic options.® One
common approach in precision oncology include genomic sequencing, which identifies mutations
and alterations within tumors. Many tumor-specific molecular alterations, such as protein
overexpression, mutations in driver genes, and gene rearrangements, serve as well-established
predictive biomarkers for response to targeted therapies. As a result, clinical molecular pathology
analysis has become a laboratory tool for characterizing tumor biology and guiding therapeutic
decisions.9 Targeted therapies are designed to affect only the abnormal molecule involved in
cancer growth and progression, in contrast to chemotherapy, which is nonselective and affects all
rapidly dividing cells. Drugs used in molecular targeted therapy can inhibit signals that promote
cancer cell growth, disrupt cell cycle regulation, or trigger cell death to eliminate cancer cells.®?

These methods have led to significant advancements in cancer treatment (Figure 1).
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Figure 1. Cancer Therapy. The treatment of solid tumors traditionally involves a combination of
conventional approaches, including surgical resection followed by radiotherapy and systemic therapy (upper
panel). Precision oncology (lower panel) represents an innovative approach that tailors treatments based on
molecular profiling, incorporating targeted therapies and functional drug testing assays for personalized

cancer care.

However, precision oncology faces several challenges. While the number of druggable genetic
alterations and predictive biomarkers is increasing, molecular profiling does not always result in
the identification of reliable and clinically actionable biomarkers, and some tumors may completely
lack biomarkers that can be targeted.!? Another major obstacle is tumor heterogeneity, where
different cells within the same tumor can have distinct genetic profiles, making it difficult to
identify a single target for a therapy.*® Furthermore, targeted therapies are effective only if the
cancer possesses the specific alteration that can be targeted with such therapies, and many cancers

eventually develop resistance to these therapies over time.*V
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To address some of these challenges, the field is turning to functional precision oncology. This
approach goes beyond genetic and molecular profiling by experimentally testing how cells derived
from a patient’s tumor respond to different anticancer drugs. It involves testing live tumor cells
derived from patient biopsies against a panel of potential therapies to identify the most effective
treatment based on the actual drug sensitivity results. Therefore, it does not rely solely on predicted
sensitivity from genetic data.*¥ The advantage of functional precision oncology is that it can
identify effective therapies even in cases where other approaches in precision oncology might not
be efficient, for example when tumors lack predictive genetic biomarkers.

1.3. Functional precision oncology and Drug sensitivity and resistance test

An important method in functional precision oncology is drug sensitivity and resistance testing,
which involves exposing live tumor cells to a range of potential anticancer drugs to evaluate their
effectiveness.!® This method helps identify which drugs are most likely to be effective based on
the actual response of the tumor cells, rather than predictions based only on genetic information.
Additionally, it can uncover potential resistant cell populations that may not be detected through
genetic profiling. These tests can be conducted before treatment to guide initial therapy selection
and during treatment to monitor emerging resistance. By continuously evaluating the tumor's

response at different stages, clinicians can adapt the treatment strategy in real time. 417

By identifying both effective treatments and potential resistant cell populations, functional
precision oncology enables a more dynamic and responsive treatment strategy. This method not
only enhances the ability to select the most appropriate therapy for each patient but also helps
overcome the challenge of drug resistance by identifying alternative treatments that remain
effective as the tumor changes overtime. As a result, functional precision oncology has the potential

to improve treatment outcomes and offer more personalized and adaptive treatment strategies.*®)

Drug repurposing, also known as drug repositioning, is an emerging approach within precision
oncology that has gained importance in the context of DSRT. It involves testing approved or
investigational drugs originally developed for other diseases and identifying new therapeutic

applications beyond their initial medical indications.*® This approach offers advantages over
-4 -
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developing new drugs for a given condition. The risk of failure is lower, as repurposed drugs have
already undergone preclinical safety testing and, in some cases, human trials, making them less
likely to fail due to safety concerns in efficacy trials. Additionally, repurposing reduces the time
needed for drug development since the preclinical testing, safety assessment, and sometimes even
formulation development has already been completed.?? This can significantly lower the cost of
bringing a repurposed drug to market, which is estimated at around €280 million on average,
compared to the €1.9-2.8 billion and 13 to15 years typically needed to develop new drugs.??
Furthermore, because of the financial risks involved, not all diseases are prioritized in drug
discovery, leaving patients with rare conditions facing limited therapeutic options. @

Drug repurposing has the potential to uncover new biological targets and pathways, providing
further insights into disease mechanisms. Well-known examples of successful drug repurposing
include sildenafil (Viagra), originally developed to treat hypertension but later found to be an
effective treatment for erectile dysfunction,®® and thalidomide, a sedative that was initially
withdrawn due to causing severe birth defects but was later repurposed to treat multiple
myeloma.®®® These cases highlight the significant therapeutic success that repurposed drugs can

achieve.

By adding the drugs that were not originally designed for a specific cancer type to the panel of
DSRT tests, the range of potential treatments will expand and precision oncology can identify
previously unexpected therapeutic options that may prove effective against a patient's tumor,
particularly when standard treatments fail or the tumor demonstrates resistance to commonly used
drugs. Repurposed drugs, having already been through clinical trials for safety and dosage in other
conditions, offer an accelerated pathway to cancer therapy, helping to reduce time, costs, and risks
associated with the development of new treatments. This approach not only increases the chance
of finding the best treatment option for the patients but also aligns with the goals of precision

oncology by providing more personalized and adaptive treatment options.®®

This is where high-throughput screening (HTS) plays an important role. HTS is the process of
testing large numbers of compounds or drugs in an automated manner. The primary goal is to

identify ‘hits’ which are compounds that affect the target in the desired manner. The greater the
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number and diversity of compounds that are run through a screen, the more successful it is likely

to be.®®

The growing number of compounds for these tests can only be managed by significantly reducing
the size and scale of HTS assays. During the advent of HTS in the 1990s, 96-well microplates were
the standard format for handling and screening compounds. However, in recent years, there has
been a shift toward using plates with higher well densities. To conduct a successful HTS assay, a
balance between three key factors, often referred to as the "magic triangle": time, cost, and quality,
must be achieved.?” While speeding up assays helps shorten the time needed to identify new
treatment options, this must be done without compromising data quality or increasing costs. HTS
automation and the ability to process thousands of wells in parallel effectively reduce assay times,
but costs can rise with increasing complexity, particularly when advanced reagents or technologies

are involved.®®

As these advancements have refined the technical aspects of HTS, a range of innovative models
and approaches are emerging in this field to provide more accurate and reliable data for
personalized cancer treatment (Figure 2). Two-dimensional (2D) monolayer cultures have long
been used in cancer research, where tumor cells are grown in a flat, two-dimensional layer,
allowing for rapid cell expansion and large-scale drug screening. The main advantages of 2D
cultures are their fast expansion, low cost, and high throughput, making them ideal for rapid testing
of multiple drugs or experimental conditions.®® An example of using this model is the study of
Kim, S. et al., where patient-derived cells from lung cancer patients were cultured in 384-well plates

(1000 cells per well) and exposed to 64 chemotherapeutic agents. ¢

However, the 2D structure of the cultures does not accurately represent the three-dimensional
architecture of tumors in the human body, which means that many key components of the tumor
microenvironment, such as the interaction of cells with their extracellular matrix (ECM), are
missing. These interactions play an important role in regulating cell differentiation, proliferation,
drug metabolism, and other cellular functions.® 32 Once cells are isolated from their original tissue
and transferred to 2D culture conditions, their morphology undergo significant changes. The
changed morphology of the cells can affect their properties and therefore drug response.®3 3%

Another limitation of 2D cultures is that cells in a monolayer have unrestricted access to the
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ingredients of the medium such as oxygen, nutrients, metabolites and signal molecules. In contrast,
for cancer cells in vivo the availability of these elements is more variable because of the natural
architecture of the tumor mass.®? Additionally, 2D adherent cultures are typically monocultures,
allowing for the study of only a single cell type, which leads to the absence of a tumor
microenvironment or niches, an essential element for supporting cancer-initiating cells in vivo. As
a result, drug responses observed in 2D monolayers may not fully represents how tumors respond
to the therapy.?% 3

In the last decades, three-dimensional (3D) cell culture models have emerged to represent in vivo
condition more closely. Unlike traditional 2D cultures, 3D models allow cells to grow and interact
with the surrounding extracellular matrix, better reflecting the natural environment within living
tissues. These models promote cell-to-cell and cell-to-extracellular matrix interactions, supporting
more accurate cell proliferation and differentiation.®® Additionally, cell morphology, behavior,
and organization in 3D cultures more closely resemble those seen in vivo.®” A key distinction
between 2D and 3D cultures is nutrient access. In 2D cultures, cells have uniform access to
nutrients, whereas in 3D models, nutrient gradients naturally form, with cells deeper within the
structure having reduced access.®® This feature is important because nutrient and oxygen
availability play key roles in cellular metabolism, signaling, and drug responses.®® For instance,
cancer cells are known to have different metabolic adaptation pathways depending on the nutrient
supply they have. Glycolytic cancers rely on glycolysis, whereas oxidative cancers depend on
oxidative phosphorylation. As a result, they respond differently to drugs targeting tumor
metabolism.“% This metabolic heterogeneity cannot be effectively modeled in 2D cultures, as the
uniform access to nutrients in these systems eliminates the gradients necessary for studying such
adaptations. Additionally, hypoxia, a condition of reduced oxygen availability, is a hallmark of
many solid tumors and significantly impacts tumor biology and therapy responses. In 3D cultures,
hypoxia and its associated mechanisms, such as the activation of hypoxia-inducible factors (HIFs),
can be modeled, providing insights into how tumors survive in oxygen-deprived environments.
Hypoxia-induced changes include altered cell signaling, increased angiogenesis, and resistance to
certain chemotherapeutics, which are absent in traditional 2D systems.“" Therefore, 3D cultures
provide a more physiologically relevant platform for studying how cancer cells respond to drugs

under conditions mimicking the tumor microenvironment, including metabolic and oxygen stress.
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Tumor spheroids and organoids are among the most commonly used 3D cell models in oncology.
Spheroids are simple aggregates formed from either a single cell type or a mixture of different
cells, typically cultured as free-floating clusters. These spheroids develop an outer layer of cells
exposed to the external environment, while inner layers are embedded deeper within the structure,
creating gradients of nutrients and oxygen that mimic in vivo conditions.“? Spheroids also exhibit
distinct cellular phenotypes that resemble the architecture of actual tumors, including necrotic,
proliferating, and non-proliferating cell populations. Spheroids form through the self-organization
of individual cells, which can be derived from cancer cell lines or patient-derived cancer cells.®)

An example of using patient-derived tumor spheroid cultures in personalized cancer treatment is
the study conducted by Hofmann et al., where spheroids were grown in vitro from primary breast
cancer tissue in 96-well plates and subjected to different anticancer drugs.“*

Several technical methods are used to create spheroids, each with its advantages and specific

applications, depending on the cell types and research goals, including:

1. Pellet Culture: This technique uses centrifugal force to concentrate cells at the bottom of a tube,
promoting cell-cell adhesion. The concentrated cells are then resuspended in a medium,
transferred to a well plate, and allowed to form spheroids.> This method is particularly

suitable for studying the differentiation of mesenchymal stem cells.“®

2. Liquid Overlay: This method prevents cell attachment to the surface by using non-adherent
surfaces, typically made of agarose, to allow cells to self-assemble into spheroids.“”
Hyaluronic acid is more effective in creating a surface for cancer research as it interacts with
tumor cell surface receptors, enhancing cellular signaling related to proliferation and resistance
to cancer therapies. This method is highly beneficial for generating spheroids for drug testing

in high-throughput systems.“®

3. Hanging Drop: In the hanging drop method, droplets containing suspended cells are placed on
a surface. Then the surface is placed upside down, where surface tension and gravity allow the
cells to aggregate into spheroids. This technique offers precise control over spheroid size by

adjusting the volume of the droplet and the density of the cell suspension.“® While it is often
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used for small-scale experiments due to its simplicity and ability to generate uniform spheroids,
it can also be scaled up to produce large numbers of spheroids quickly.®%

4. Spinner Culture: In spinner culture, a stirring bar mixes a cell suspension in a bioreactor,
promoting the formation of spheroids through convectional force. This method is scalable and
suitable for growing spheroids for drug testing or stem cell differentiation studies. However,
controlling the stirring rate is critical, as too fast a rate may damage cells, while too slow may
result in cells settling at the bottom of the bioreactor.®?

5. Rotating Wall Vessel: This system mimics microgravity by rotating the culture vessel, keeping
cells in a suspended state, which allows them to aggregate into spheroids. This method is useful
in studying the effects of microgravity on cell growth and differentiation. It is particularly

valuable for applications in tissue engineering and regenerative medicine.®?

6. Magnetic Levitation: In this technique, cells are mixed with magnetic particles and exposed to
a magnetic field, causing them to levitate and aggregate into spheroids. This method is useful

for co-culturing different cell types and maintaining the structural integrity of spheroids.®®

Organoids were initially developed from healthy tissues,®% offering a 3D culture system that
replicates the cellular architecture and function of specific organs. These organoids are typically
derived from stem cells, which self-organize on extracellular matrix scaffolds, differentiating into
various cell types that form complex tissue structures. This enables them to recapitulate the primary
tissue's function and structure.®® The development of tumor-derived organoids, known as
"tumoroids™ extended this approach to cancer research, enabling the modeling of tumors in vitro.
While organoids and tumoroids share a 3D architecture, they differ fundamentally in their origins
and characteristics. Organoids derived from healthy tissues are generated from stem cells and are
inherently heterogeneous, consisting of multiple cell types that reflect the complexity of their tissue
of origin. In contrast, tumoroids are formed directly from cancer cells, making them more

homogeneous in composition. 8

Tumoroids and spheroids are both 3D cancer models. However, tumoroids are derived directly
from patient tumors or cancer cell lines, retaining the genetic and phenotypic characteristics of the

original tumor. In contrast, cancer spheroids are typically formed by aggregating cancer cells under
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non-adherent conditions, resulting in a less structured and often less physiologically relevant

model.®?"

These 3D models are especially valuable for three key purposes: studying the mechanisms of
cancer progression and resistance, conducting in vitro screening of anti-cancer therapies and
replicating the unique characteristics of a patient’s tumor in vitro, enabling personalized screening

to identify the most effective treatments for each patient.®®)

Despite these advantages, 3D cultures present certain challenges, such as difficulties in selecting
immunofluorescence, often need modification for 3D models due to issues with staining
penetration and sample clearing.®® The generation of organoids from patient-derived tissue is often
time-consuming, and, like 2D cultures, they can undergo changes during prolonged ex vivo growth,
which can affect their accuracy in representing the original tumor and their reliability for drug
testing.®® While organoids offer a more realistic replication of the tumor environment compared
to 2D models, they still lack essential components such as immune cells and vasculature, which
are critical for cancer progression and this limits their ability to fully replicate the in vivo tumor

environment.®b

Moving beyond traditional culture systems, microfluidic devices represent cutting-edge tools in
functional precision oncology. Microfluidic systems can provide a defined microenvironment that
mimics key aspects of the tumor’s physical and biochemical features. By controlling the flow of
nutrients, oxygen, and drugs through small fluid channels, these devices allow researchers to more
accurately replicate the tumor microenvironment.®? This model is particularly valuable for
studying how tumors respond to drugs under controlled environment that closely resemble those
in the body.®® They can also be used to create spheroids at a microscale and improve oxygen and
nutrient diffusion within spheroids, making them suitable for long-term culture.®® In a study
conducted by Schuster B. et al., an automated, high-throughput microfluidic device was developed
for 3D organoid culture from tumor samples collected from human pancreatic ductal
adenocarcinoma (PDAC) patients to facilitate preclinical research and personalized therapies.©
Also, Prince E. et al. introduced a microfluidic spheroids-on-a-chip platform that enables the

efficient growth of large arrays of tumor spheroids from a breast carcinoma cell line for multiplexed
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anticancer drug testing. This system self-organizes cancer cells into gelling droplets, forming

spheroids with consistent sizes within 72 hours in a hydrogel.(®®

While microfluidic devices are highly customizable and can offer insights into tumor behavior that
other models cannot, they are generally low throughput, making them less suitable for large-scale
drug screenings.®” Furthermore, despite their ability to recreate certain microenvironmental

factors, they still miss some key components, such as immune interactions.®®

Finally, patient-derived xenografts (PDX) offer perhaps the most accurate in vivo model for
studying tumor behavior and drug response. In PDX models, tumor cells from a patient are
implanted into immunocompromised mice, allowing the tumor to grow in a living organism.®®
This model provides a highly realistic environment, capturing not only the architecture of the tumor
but also incorporating pharmacokinetics—how drugs are absorbed, distributed, metabolized, and
excreted in a living system. Additionally, PDX models provide a clear readout of drug toxicity,
offering insights into both the efficacy and safety of treatments.("?

In a study by Guillen K. et al., a bank of human PDXs and matched organoid cultures from
challenging breast cancer cases, such as metastatic types were reported. These PDXs and PDX-
derived organoids were used for cost-effective drug screening and in vivo validation. The study
demonstrates the potential of these models for real-time precision oncology, as shown in a case of
triple-negative breast cancer with early metastatic recurrence. The researchers identified an FDA-
approved drug that showed high efficacy, resulting in a complete response and a significantly

extended progression-free survival period for the patient.("")

However, PDX models come with significant limitations. They are slow to expand, making them
unsuitable for rapid drug testing. They are also costly to maintain and are not easily scalable for
high-throughput studies. Furthermore, there are species differences between the human tumor and
the mouse host, which can introduce variables that complicate the interpretation of results.
Moreover, the immunocompromised state of the mice used in PDX models means that these
systems lack the immune interactions that are crucial for understanding how the body’s immune

system responds to cancer therapies.("?
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2D cell culture Spheroid Organoid PDX Microfluidic device

Ease of system setup v

Ease of maintenance o

Duration of experiments v v V4 v

Physiological relevance X v 4

Cost e v

Time needed for setup v/ v X 7/
v Best Good Partly suitable X Not suitable

Figure 2. Comparison of biological models for precision oncology various features, including system setup
simplicity, maintenance requirements, compatibility with long-term experiments, physiological relevance,
cost and time needed for stablishing. The models evaluated are 2D cell cultures, spheroids, human
organoids, patient-derived xenografts (PDX) and microfluidic devices. Each model demonstrates unigque
strengths and limitations, providing a framework for selecting the most suitable system based on research

objectives. Inspired and modified from Nature Reviews Molecular Cell Biology 21, 571-584(2020).(®

Despite the significant advances in precision oncology, several key challenges remain. The most
critical problem is the limited amount of cellular material that can be obtained from tumors,
especially from small solid tumors.®¥ In many cases, a significant part of the patient’s sample is
used for diagnostic tests, such as pathology, immunohistochemistry, and genetic profiling, which
leaves insufficient cellular material for DSRT. Precision oncology often relies on high-throughput
drug screening, which typically requires a significant amount of cellular material to test multiple
drug candidates and dosage levels. When only a small number of viable cells are available, it
becomes difficult to generate meaningful results, particularly for personalized treatment plans that

depend on testing a wide array of drugs.”
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In most studies, the cells used for in vitro drug testing are obtained after surgical removal of the
tumor which very often leads to obtaining sufficient number of cells for testing. However, this
restricts the application of such tests to patients who undergo surgery. Therefore, many patients,
particularly those with metastatic or recurrent tumors, cannot benefit from comprehensive drug

testing, which could reveal critical information about their tumor’s response to various therapies.™

To overcome this limitation, needle biopsy samples offer a promising alternative. Needle biopsies
are non-invasive and can be taken even from patients for whom surgery is not an option. Using
needle biopsies for DSRT allows for the inclusion of a broader patient population in drug sensitivity
tests.("™ However, needle biopsies yield fewer viable cells, making it even more difficult to perform

comprehensive drug testing using traditional methods.

Another significant challenge in precision oncology is the high cost of reagents and anticancer
therapies, particularly when using large compound libraries and newly developed targeted
therapies, which can be expensive.(® As mentioned earlier, precision oncology often involves
high-throughput screening, where a wide array of drugs is tested to identify the most effective
treatment for an individual patient. This can include hundreds of drug compounds, ranging from
standard chemotherapies to more recent targeted therapies. The cost of using these drugs for
comprehensive drug testing can significantly increase the overall expense, making these tests
inaccessible for many patients.*” Additionally, the use of advanced models, such as PDX models,
further increases the costs. These models require specialized facilities and high maintenance,

making them an expensive option for testing."”

Another significant challenge is the time it takes to establish and expand certain models,
particularly PDXs and tumoroids. PDX models can take several months to grow. Similarly,
organoids, while faster to establish than PDXs, still require several weeks to expand into a sufficient
size for drug screening. For aggressive cancers or treatment-resistant tumors, this delay can be
critical, as patients may not have the luxury of time for weeks of preclinical testing to identify an
effective therapy.(’® This extended timeline creates a gap between obtaining patient samples and
delivering actionable treatments, reducing the overall efficiency of the precision oncology

workflow.

-13-



General Introduction

Miniaturization in precision oncology offers a promising solution to many of the challenges in the
field. By reducing the scale of drug testing platforms, miniaturization has the potential to
significantly lower the number of cells required for testing.(® This is particularly helpful when
working with small and limited tumor samples, such as those obtained from needle biopsies, where
the cell count is very low. In miniaturized systems, even small quantities of cells can be sufficient

to perform comprehensive drug testing, allowing more patients to benefit from precision oncology.

In addition, miniaturization significantly reduces the amount of reagents and drugs needed for tests.
Traditional high-throughput screening methods often require large volumes of reagents, media, and
drug compounds. By scaling down the assays, miniaturized platforms reduce these material
requirements, making the process more cost-effective without compromising the quality or
reliability of the results.®® This reduction in reagent and drug use also lowers the overall expense
of testing, making precision oncology more accessible to a broader patient population.
Additionally, miniaturization enhances throughput by enabling the simultaneous testing of more
drug compounds on a smaller scale.®) With the ability to test a larger number of conditions in

parallel, miniaturized platforms can accelerate the drug screening process.

As the field continues to evolve, miniaturization holds the potential to transform how we approach

precision oncology, making it more efficient and accessible.

1.4. The Droplet Microarray as Miniaturized Screening Platform

As high-throughput screening technologies evolve, the demand for platforms that enable more
efficient drug testing is increasing, particularly in precision oncology, where time, cost, and sample
availability are critical parameters. Miniaturization is essential to meet these demands, as
traditional platforms like microtiter plates, while reliable, face limitations. Conventional microtiter
plates, typically featuring 384 or 1536 wells, occupy relatively large surface areas (127 x 85 mm)
and require microliter-scale volumes of reagents for each well. The working volume of a 384-well
is about 50 pL per well, accommodating four times more samples than a 96-well microplate. The
typical working volume for a 1536-well plate ranges from about 2.5 to 10 pL, with a standard

volume of approximately 5 pL per well.®?
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This is problematic in precision oncology, where the available sample from patient biopsies is often
minimal, and reagents, particularly novel and targeted therapies, can be expensive. The solid walls
in microtiter plates might be necessary to prevent cross-contamination of neighboring wells, but
they also lead to high adsorption and capillary effects which get more and more problematic the
smaller the wells become, and also prevent the sample from direct contact with a second target
placed on top, complicating their use as screening platforms when transitioning to smaller-scale

volumes.

To overcome the limitations of microtiter plate, the Droplet Microarray (DMA) platform was
introduced as a miniaturized solution for high-throughput screening in biological and chemical
research, introduced by the Levkin group in 2011.%Y The DMA represents a significant
improvement over traditional microtiter plates due to its compact design and its ability to form
highly controlled liquid droplets in nanoliter volumes. The DMA uses patterned hydrophilic and
superhydrophobic surfaces to confine liquid samples within specific geometries without the need

for physical barriers necessary for conventional microtiter plates.®)

Wettability, which refers to how a liquid spread on a surface and the extent of its contact area, plays
a key role in the DMA’s function. Wettability is typically described using the water contact angle
(WCA) (8), defined as the angle formed at the junction of the liquid-solid and air-liquid interfaces.
When a droplet comes into contact with a solid surface, it forms a contact line where the liquid,
gas, and solid substrate intersect.®® The WCA serves as a quantitative measure of the surface's
affinity for water: smaller angles indicate better wettability (hydrophilicity), while larger angles
indicate poorer wettability (hydrophobicity). Surfaces are classified into different wettability
categories based on their contact angle values: hydrophilic (6 < 90°), hydrophobic (90° < 6 < 150°),
superhydrophilic (8 < 10°), or superhydrophobic (8 > 150°).®"

The fabrication of DMA slides is based on manipulating surface wettability, particularly by
creating hydrophilic and superhydrophobic patterned areas. Jokinen et al. (2008) demonstrated that
droplets can be confined to hydrophilic zones if there is a significant difference in wettability.
Superhydrophobic barriers surrounding hydrophilic areas effectively prevent droplet dispersion,
while the precise combination of these contrasting wettability properties on a single surface can be

achieved through photolithography, enabling the creation of well-defined, structured patterns.®®
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In 2014, Feng et al. developed a rapid, initiator-free method for fabricating superhydrophilic-

superhydrophobic micropatterns using sequential thiol-yne click chemistry.®®

The DMA platform is built on a standard microscope slide measuring 25 x 76 mm. These slides
are modified through surface patterning techniques that create alternating hydrophilic and
hydrophobic areas (Figure 3). One type of DMA platform is the HEMA-EDMA slide where
initially, a thin porous polymer layer, poly(2-hydroxyethyl methacrylate-co-ethylene
dimethacrylate) (HEMA-EDMA), is applied to the slide. This layer is then chemically modified
using thiol-yne click chemistry, enabling the creation of hydrophobic and hydrophilic regions.
Hydrophobic areas are formed using alkyne polymers modified with 1H,1H,2H,2H-
perfluorodecanethiol, while hydrophilic areas are generated using cysteamine hydrochloride or

similar polar thiols.®?

........ » Hydrophilic spots

----------- » Superhydrophobic borders

Figure 3. Photo of a part of Droplet Microarray (DMA). A) Comparison of the size of DMA spotsto a 1-
cent coin. B) The DMA platform features hydrophilic square-shaped spots, each measuring 1 mm x 1 mm,

separated by superhydrophobic borders containing droplets of cell culture medium. Scale bar: 1 mm.

Early versions of DMAs, constructed from HEMA-EDMA polymers, encountered challenges such
as uneven surface structure and a tendency to adsorb compounds. Therefore, for performing drug
testing it required higher drug concentrations to achieve desired effects on cells. These drawbacks

led to the development of the new coating by Dr. Zheqin Dong (unpublished), a more refined

-16 -



General Introduction

version of the DMA, featuring a surface coated with silica nanoparticles. The nanoparticles, pre-
functionalized with trimethoxyvinylsilane, are applied through spin-coating or spray-coating, and
a UV-induced thiol-ene reaction is used to create the superhydrophobic and hydrophilic regions.
The Z-Slide provides enhanced droplet stability, with highly repellant borders that allow for high-
volume droplets that remain stable even when the slide is moved or inverted. The Z-Slide’s surface
is optimized for working with aqueous solutions, such as cell culture media, and reduces the issues

associated with compound adsorption.

Due to the differences in wettability between the hydrophilic and superhydrophobic surfaces, liquid
droplets can be trapped in each hydrophilic spot, creating a well-defined array format. This defined
format allows researchers to accurately address each specific spot. Additionally, different reagents
can be dispensed simultaneously onto various spots using liquid handling systems. The density of
arrays and the size of each individual spot can be adjusted using different photomasks to suit the
specific requirements of the experiments, enabling DMA to be applied to a wide range of samples

and applications.

Miniaturization is a significant advantage of the DMA platform. The high-density array format and
the ability to adjust spot sizes using various photomasks, allows for flexibility in experimental
design. Arrays of square hydrophilic spots with side lengths of 1,000, 500, and 350 um with 80, 9,
and 3 nL volumes were successfully fabricated, of which the consumption were 600, 5,000, and
15,000 times less than that of 384-well plates, respectively.®® This level of miniaturization reduces
the volumes of reagents and samples required, significantly lowering the overall costs of

experiments.

The ability to fabricate numerous spots on each slide makes DMA a powerful tool for high-
throughput screening. Its compatibility with automated liquid dispensers accelerates workflows
while minimizing human error. These dispensers can simultaneously dispense hundreds of spots in
less than a minute, enhancing the platform's efficiency. Additionally, DMA can be integrated with
other technologies, such as automated screening microscopes and printers, allowing for full
automation of processes like sample dispensing and imaging, further improving the efficiency of

high-throughput screening.
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DMA’s compatibility with a wide range of sample types, including biological samples like cells
and 3D spheroids, chemical compounds, and materials such as hydrogels, along with its ability to
integrate with other technologies, makes it a highly versatile tool for various experimental
approaches (Figure 4).

In 2016, Popova et al. demonstrated the possibility of culturing adherent cell lines such as HEK293,
HelLa, and A549 in droplet arrays ranging from 3 to 80 nL on the DMA platform. They introduced
a single-step, pipetting-free medium exchange method, which allowed cells to be cultured on the
DMA slide for up to five days. This process was followed by reverse transfection and small-
molecule drug screenings within individual droplets. The miniaturization achieved in this study
expanded the potential applications of live cell microarrays and drug screening on the DMA
platform.©®

In 2021, Chakraborty et al. investigated cellular behavior when cultured on surfaces with different
properties and in varying volumes. They conducted a transcriptomic analysis of HeLa-CCL2 cells
cultured on multiple biocompatible surfaces used for DMA fabrication, with volumes ranging from
3 t0 100 nL. Their findings revealed that HeLa-CCL2 cells cultured in nanoliter volumes, as small
as 9 nL, on DMAs showed a transcriptomic profile similar to cells grown on conventional culture
platforms. This highlights DMA's potential as a robust, miniaturized alternative for standard cell

culture and high-throughput screening applications.®

Later in 2022, Chakraborty et al. performed the entire process of cell culture, lysis, mMRNA
isolation, and conversion of mMRNA to cDNA on DMA slides using 200 nL droplets. Gene
expression was then performed on obtained cDNA performing both qualitative gel electrophoresis
and quantitative real-time polymerase chain reaction (PCR), demonstrating that the platform can

support RNA analysis down to a single cell per droplet.©®?

The DMA applications are not limited to 2D cell cultures. It has also been applied in the field of
3D cell structures, where uniform embryoid bodies were formed using a hanging droplet method.
These 3D structures were then used for high-throughput drug screenings involving 774 FDA-
approved compounds.®® In addition, Popova et al. developed a miniaturized single-spheroid
microarray of 3D spheroids on DMA slides using the hanging droplet method, presenting a novel

approach for screening 3D cancer spheroids or microtumors.®® This achievement led to another
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study by Cui et al. where droplets containing spheroids were precisely merged to assemble multiple
spheroids into complex multicellular architectures, further improving the resemblance of the 3D
model to actual tissue.®®

Liu et al. expanded the application of DMA slide beyond cancer research and drug screening by
using the human induced pluripotent stem cells (hiPSCs). They developed a workflow that allowed
the seeding and immunostaining of hiPSCs in experimental volumes as low as 200 nL to assess the
effects of recombinant human-derived proteins or protein mixtures coated on hydrophilic spots. By
measuring the expression levels of several pluripotency markers, they identified 10 protein
combinations that outperformed Matrigel in maintaining hiPSC pluripotency. Two of these
conditions were successfully used to demonstrate the long-term culture and differentiation of
hiPSCs on the DMA platform.©®

Lei et al. further demonstrated the application of the DMA beyond mammalian cell lines. The
platform has been adapted for microbiological applications, such as the rapid generation of
bacterial droplet arrays. In one study, a library of 2000 compounds were tested on carbapenem-
resistant Klebsiella pneumoniae and methicillin-resistant Staphylococcus aureus, demonstrating
DMA's capability for high-throughput antibacterial screening. By using a colorimetric readout
method based on the metabolization of the tetrazolium dye in cell counting Kit-8, they developed
a straightforward analysis which highlights the platform’s adaptability for different types of

bacteria and drug discovery efforts in infectious diseases.®”

Another example of DMA application beyond cell lines is the study by Popova et al., where
zebrafish embryos were individually cultured in 5 pL droplets within single round spots of 3 mm
diameter on a DMA slide. This setup allowed for treatment of embryos with fluorescently labeled

peptides and toxicity screening via a sandwiching method.®

Beyond biological applications, the DMA has also been used in material development, where an
array of hydrogels with varying compositions was created and screened for their

photodegradability.®®

The potential of DMA platform has been demonstrated across a wide range of biological

applications (Figure 4). Many of them were usually carried out using microtiter plates with volumes
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in the microliter range. DMA's capacity to handle volumes in the nanoliter range significantly
reduces material consumption, allowing for a greater number of experiments to be conducted from
a limited amount of starting material. As mentioned earlier, this is particularly important in cases
involving patient-derived cells, where only a small quantity can be obtained without posing a
significant risk to the patient. For instance, Popova et al. successfully used DMA for drug
sensitivity and resistance testing of primary chronic lymphocytic leukemia cells. In this case, the
material required for a single experiment was reduced to only 100 cells, 0.03 nmol of a compound,
and 100 nL of medium, representing a 200-fold reduction in material compared to experiments
performed in a 384-well plate.%®
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Figure 4. Overview of applications of the Droplet Microarray. From top left: Drug screening, Cell culture,
Single cell culture, generating single spheroids, Assembloids, Culturing human induced pluripotent stem

cell, Zebrafish embryos and Bacteria.
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1.5. Objectives

Functional personalized oncology has the potential to significantly impact cancer treatment by
offering a tailored approach for individual tumors. However, achieving such tailored treatments,
particularly in solid tumors, requires innovative solutions that can overcome the limited availability
of patient-derived samples and allow for rapid screening of multiple therapeutic options. This thesis
is driven by the motivation to address this need by a miniaturized platform, Droplet Microarray
(DMA) technology, providing a promising solution. By reducing the quantity of cells, drugs, and
reagents required, miniaturization facilitates high-throughput drug sensitivity and resistance testing
directly on primary patient-derived samples, which holds potential for rapid, individualized

therapeutic screening.

Solid tumors, such as lung cancer and gliomas, represent some of the most challenging forms of
cancer to treat due to their aggressive nature and complex biological behavior. Despite extensive
research efforts, survival outcomes remain poor for many patients with these malignancies,

highlighting an urgent need for more effective therapeutic strategies.

This thesis comprises three main chapters, each contributing to the aim of enhancing drug screening

approaches for solid tumors:

1. Developing a Miniaturized DSRT for Lung Cancer: The first aim of this research is to
develop a miniaturized DSRT platform using the DMA slide to rapidly evaluate the sensitivity
of patient-derived lung cancer cells to chemotherapeutic agents, enabling high-throughput
testing with minimal cell quantities, even from needle biopsies. This approach does not need
time to expand and establish biological models for lung cancer, providing rapid workflow for

personalized cancer treatment. The objectives of this study are:

1.1. Establishing the protocol for tissue dissociation and cell isolation from surgical material
1.2. Analyzing the tumor composition after cell isolation and also after 24 hours of incubation
1.3. Establishing and validating the protocol for drug sensitivity tests for primary lung cancer

cells using DMA slide
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1.4. Investigating the influence of different cell densities on reproducibility and variability of
drug sensitivity tests

1.5. Investigating intratumor heterogeneity in drug sensitivity across distinct tumor regions

1.6. Establishing the protocol for tissue dissociation and cell isolation from needle biopsy

samples and validating the protocol for drug sensitivity tests

2. High-Throughput Drug Screening on glioblastoma cells, exploring Combination Therapy
with Decitabine: The second aim of this thesis is to find novel therapeutic options for IDH1
wild-type glioblastoma by pre-treating cells with decitabine to enhance their sensitivity,
followed by high-throughput drug screening to identify synergistic therapeutic combinations.

The objectives of this study are:

2.1. Develop and optimize protocols for generating cell spheroids from IDH1 wild-type
glioblastoma cell lines on a DMA slide.

2.2. Investigate the effects of decitabine pre-treatment on cell viability and the ability of cells
to form spheroids.

2.3. Expose glioblastoma spheroids to a library of 722 CNS-penetrating drugs to identify
potential therapeutic vulnerabilities.

2.4. Evaluate drug responses under two conditions: pre-treatment with decitabine versus no
pre-treatment. This analysis aims to determine whether decitabine sensitizes cells to therapy
or induces resistance.

2.5. Validate the identified hits, either as single agents or in combination with decitabine, using

384-well plate assays.

3. Introducing Hydrogel-Based Cultures on the DMA Platform for High-Throughput
Screening: While liquid media-based cell culture on DMA slides is well-established, this study
aims to expand the platform's capabilities by introducing a nanoliter-hydrogel array for the first
time. The third aim of this thesis is to develop a stable nanoliter-volume hydrogel array capable
of supporting cells and cell spheroids on the DMA chip. The objectives of this study are:
3.1. Establish protocols for incorporating cells into nanoliter hydrogel pads on the DMA slide.
3.2. Evaluate the viability and proliferation of cells cultured within hydrogel pads over time.

3.3. Confirm the stability of hydrogel pads on the DMA slide during washing procedures.
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3.4. Develop a method for gelating droplets containing spheroids on the DMA slide.
3.5. Design a protocol to selectively gelate specific droplets containing spheroids on the DMA
slide and use a gelation-degelation cycle to sort the contents of selected spots.

This thesis aims to provide innovative tools and strategies for functional precision oncology, from
lung cancer drug sensitivity testing to identifying potent glioblastoma treatments and developing
hydrogel-based cultures and seeks to overcome key limitations in functional precision oncology

approaches.
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2.1. Miniaturized drug sensitivity and resistance test on cells derived
from lung cancer patients on Droplet Microarray platform

2.1.1. Project idea and background

Lung cancer is among the most common and deadly cancers globally, with a high mortality rate
due to frequent late-stage diagnosis and aggressive nature. It is traditionally divided into two main
subtypes: small-cell lung cancer (SCLC) and non-small-cell lung cancer (NSCLC). These
categories are distinguished by their histological and genetic characteristics, with NSCLC
representing approximately 85% of cases.!°Y NSCLC is further divided into adenocarcinoma,
squamous cell carcinoma, and large cell carcinoma, each with unique histological features that
influence prognosis and treatment choices. Adenocarcinoma is the most common subtype,
originating from the mucus glands in the lungs, while squamous cell carcinoma arises from the flat
cells lining the airway, and large cell carcinoma represents a more undifferentiated form of lung
cancer. Tobacco smoking is a significant risk factor for lung cancer, yet there is a growing
incidence among non-smokers, which highlights other risk factors like environmental pollutants,

genetic predispositions, and exposure to carcinogens.®%?

The era of personalized medicine for advanced NSCLC began in 2004 with the groundbreaking
discovery of epidermal growth factor receptor (EGFR) mutations in patients who showed positive
responses to the tyrosine kinase inhibitor gefitinib which shifted the ‘one-size-fits-all’ approach to
personalized treatment choices based on molecular characteristics of the tumor, such as EGFR
overexpression.%) Today, multiple targeted therapies are approved for treatment of this type of
cancer and this approach has shown a significant improvement in overall survival rates for many
patients, with five-year survival rates ranging from 15% to 60%, depending on the specific
biomarker targeted.*% For instance, in Germany, around 30% of patients with advanced NSCLC

have targetable genetic alterations.%
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Chemotherapy remains a standard treatment option for NSCLC, particularly for patients without
actionable genetic mutations. Platinum-based doublet chemotherapy, which combines a platinum
compound (cisplatin or carboplatin) with another agent, is the standard first-line approach.%) The
choice of the second agent depends on the histological subtype: pemetrexed is preferred for non-
squamous NSCLC (e.g., adenocarcinoma),:°” while gemcitabine or paclitaxel is commonly used
for squamous cell carcinoma.%®) Single-agent chemotherapy is often used for older patients,
patients with poor performance status, or those unable to tolerate combination regimens. Drugs
such as docetaxel, pemetrexed, or gemcitabine are frequently used in this context. While platinum-
based doublets achieve higher response rates (30%-40%) compared to single agents, the latter offer
reduced toxicity and better tolerability. For maintenance therapy, pemetrexed has demonstrated
efficacy in prolonging progression-free survival for non-squamous NSCLC after initial

treatment. (109

Despite these advancements, treatment response rates vary widely. For example, while targeted
therapies often show initial high response rates (For example, 60%-70% for EGFR inhibitors),
some patients develop resistance over time, leading to treatment failure.*!® Chemotherapy
response rates are even lower, with only 20%-30% of patients showing a significant response.?
This highlights the need for strategies like DSRT to identify effective treatments tailored to

individual patients.

As mentioned earlier, DSRT tests can help determining the most effective treatment, aiding in the
design of personalized treatments for each patient. For these tests, patient-derived cells are usually
cultured in microtiter plates, and the number of cells obtained from non-invasive biopsy might not
be sufficient for the tests or could limit the number of drugs tested. For instance, Kim, S. et al.
cultured patient-derived cells from lung cancer patients in 384-well plates (1000 cells per well) and
exposed them to 64 chemotherapeutic agents.®® Another example is organoids and Kim, M. et al.
used organoids from five subtypes of lung cancer to test drugs targeting genetic alterations in the
tumors.® Microfluidic systems, such as "organ-on-a-chip" models, offer another promising
approach. Ding, S. et al. developed droplet Micro-Organospheres (MOS) for drug screening using
patient-derived cells and exposed them to 119 FDA-approved drugs.®*? Another example is PDX
models, for instance, Kita, K. et al. established 10 PDXs from 30 patients with NSCLC and
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demonstrated the use of a PDX model with an EGFR mutation for analyzing resistance to EGFR

tyrosine kinase inhibitors.®

These methods demonstrate the potential of DSRT but highlight the challenge of limited cell
availability. However, in most studies, in vitro tests rely on cells obtained after surgical removal of
the tumor, which limits sensitivity profiling to patients undergoing surgery. Since many lung cancer
cases are diagnosed at an advanced, inoperable stage, alternative methods for obtaining tumor cells
are essential. For these patients, diagnosis relies heavily on extracting tumor cells for cytology or
small tissue samples for molecular and morphological analysis, typically using image-guided core
needle biopsy (CNB).% Although CNB provides tissue for analysis, the amount of cells obtained
is often limited. Since a significant portion of these samples is used for pathology and genetic
profiling, there may be insufficient cellular material for DSRT.®"

Miniaturization can be a promising solution to overcome this limitation by reducing the scale of
testing platforms maximizing the utility of small biopsy samples. DMA slides enable the use of
fewer cells and smaller volumes of reagents, allowing for a more comprehensive and efficient
screening process. This miniaturized approach also increases throughput, enabling a broader range
of drugs and conditions to be tested simultaneously, even with a limited cell sample. As a result,
miniaturization not only makes DSRT more accessible for lung cancer patients with limited tissue
samples but also supports faster and more personalized treatment decisions, contributing to the

broader impact of functional precision oncology in lung cancer care.

This study is motivated by the need for a miniaturized DSRT method for lung cancer. The goal is
to enable effective drug sensitivity testing using small quantities of cells from patient-derived lung
cancer biopsies. This approach does not need time to expand and establish biological models for
lung cancer. The focus will be on evaluating the sensitivity of lung cancer cells to a panel of 12
chemotherapy drugs that have been commonly used to treat this type of cancer over the past five

years.

2.1.2. Tissue dissociation

-26-



Results and discussion

In this study, a miniaturized DSRT workflow for patient-derived lung cancer cells on the DMA
slide is established. Figure 5 illustrates the concept and workflow of the miniaturized DSRT. The
workflow was optimized on a DMA slide containing an array of 672 square hydrophilic spots,
arranged in a 14 x 48 layout, each spot measuring 1 mm x 1 mm. Lung cancer tumor samples used
in this study were collected within 24 hours post-surgery from patients diagnosed with stage | to
11 NSCLC who had not received any chemotherapy prior to surgery. Tumor samples were
maintained in DMEM medium at 4°C during transport from the Thoraxklinik at the University
Hospital of Heidelberg. The tumors ranged in size from 1.9 x 1.8 x 0.3 cm (weighing 0.96 g) from
Patient 1 to 3.1 x 2.9 x 0.4 cm (weighing 4.19 g) from Patient 11, based on measurements of their

largest dimensions.

Tissue dissociation

Collecting sample
after surgery

Tissue mincing or
needle biopsy

57 > ‘ o sampling ”‘5«
()| @) N s
- | | \ A .
oo | ) 2 2 . (=]
— _ Single cell suspension
B . ) |
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& Drying in room l % 24h
temperature
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Incubation Staining and Image analysis
Fluorescent Microscopy

Figure 5. Concept and experimental workflow of miniaturized DSRT for patient-derived lung cancer cells
on the DMA slide. A) Surgical material or artificial needle biopsies derived from surgical material, obtained
from patients diagnosed with NSCLC are received after surgery and dissociated into a single-cell

suspension. B) Drug libraries are prepared by dispensing 2 nL of drugs in desired concentration onto each
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spot of the DMA slide. The slides are dried at room temperature and stored in the dark dry conditions. The
obtained cell suspension is then dispensed onto the pre-printed drug libraries, and cells are exposed to the
drugs for 24 hours. Afterward, the cells are stained with fluorescent dyes Hoechst, Calcein-AM, and PI, and
then imaged using an automated screening fluorescence microscope. The images are analyzed to determine

cell viability.

In this study, two tumor dissociation methods were developed to isolate cell suspensions. The first
method involved manually cutting tumor samples into 1-2 mm fragments using sterile scalpels,
followed by mechanical dissociation through pipetting in a 50 mL Falcon tube. After
centrifugation, Liberase DH (0.28 Units/mL) in DMEM medium was added to the pellet, and the
sample was incubated on an overhead rotator at 37°C for 2 hours. The cell suspension was then
filtered through 100 um and 40 um cell strainers to remove undigested tissue fragments. The
filtered cells were resuspended in PBS and loaded on top of Histopaque, which, during
centrifugation, separates high-density tumor components, such as red blood cells, allowing the
remaining cells to be isolated. The resulting cell suspension was then diluted in culture medium.
Cell count and viability data obtained with this method are shown in Table 1 for patients 4, 5, 6, 7,
8, and 9. On average, the method yielded 2.12 x 10° cells per tumor sample (calculated from six

samples, standard deviation: 1.04) with an average viability of 72.66% (standard deviation: 11.5).

To shorten the isolation process, enable simultaneous processing of multiple samples, and increase
the yield of isolated cells from tumors, a semi-automated dissociation approach was introduced
using the gentleMACS™ Octo Dissociator with Heaters and its Tumor Dissociation Kit (Miltenyi
Biotec). In this method, tumor samples were minced using two scalpels and placed into
gentleMACS™ C Tubes containing an enzyme mix and DMEM medium. The tubes were then
loaded onto the gentleMACS™ Octo Dissociator with Heaters, and the dissociation program was
run for 1 hour. The resulting cell suspension was filtered through 100 pum and 40 um strainers and
loaded on top of Histopaque as described. The remaining samples (Table 1) were dissociated using
this method, with corresponding cell counts and viability reported. On average, this method yielded

3.19 x 10¢ cells per tumor sample (calculated from thirteen samples: Patients 1, 2, 3, 10, 11, 12,
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and 13; standard deviation: 3.86), with an average viability of 75% (standard deviation: 13.72).
Considering that samples from Patients 2, 12, and 13 were cut into three smaller pieces, each
dissociated separately, these tissues were smaller in weight, ranging from 0.26 to 0.55 grams. This
was significantly smaller than other tissues, where the smallest piece weighed 0.96 grams. The
results show that the semi-automated dissociation approach increased the yield of isolated cells
from tumors by raising the average number of isolated cells from 2.12 % 10° to 3.19 x 10° cells.
This improvement is likely due to the gentleMACS™ Dissociator’s ability to provide consistent
and controlled mechanical dissociation across samples. The combination of automated mechanical
processing and enzymatic digestion ensures thorough tissue dissociation.

These results indicate that cell viability was consistently high across surgical materials after tumor
dissociation, ranging from 53% to 98%, with an average of 74.26% across all samples.
Furthermore, between 0.21 x 10° and 13.8 x 10¢ cells were successfully isolated from each tumor,
providing sufficient quantities for drug sensitivity testing. The observed variation in the number of
cells isolated from each tumor likely reflects differences in tumor size, cellular density, and tissue

characteristics, such as the presence of necrotic cells.
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Pathological Total cells of tissue Cell viability after  Cell izolation

Patient 1D Diagnosis Sex Age stage sample (x109) isolation (%) method
Patient1 Lung squamouscell carcinoma male 30 g 138 90 Semi-automated
Patient 2-1 091 67 Semi-automated
Patient 2-2 Lung adenocarcinoma male B0 A 1.38 73 Semi-automated
Patient 2-3 126 84 Semi-automated
Patient3 Lung adenocarcinoma female 59 IB 6.35 86 Semi-automated
Patient4 Lung adenocarcinoma female 73 g 1.47 53 Manual
Patients Lung adenocarcinoma male B2 ]]=] 1.49 89 Manual
Patient & Lung adenocarcinoma male 69 IB 1.83 65 Manual
Patient 7 Lung squamouscell carcinoma male 61 e 21 83 Manual
Patient 8 Lung squamouscellcarcinoma male 63 1A 164 69 Manual
Patient 9 Lung squamouscell carcinoma male 78 e 4.2 72 Manual
Patient 10 Lung squamouscell carcinoma male 56 A 6.9 98 Semi-automated
Patient 11 Lung adenocarcinoma male 68 g 2.3 78 Semi-automated
Patient12-1 0.71 61 Semi-automated
Patient12-2  Lungadenocarcinoma female 70 IB 0.21 59 Semi-automated
Patient12-3 0.21 53 Semi-automated
Patient13-1 092 74 Semi-automated
Patient13-2  Lungadenocarcinoma female 61 ns 27 88 Semi-automated
Patient 13-3 3.87 G4 Semi-automated
Patient 14 Lung adenocarcinoma male 54 e 0.17 26 Manual
Patient 15 Lung large cell carcinoma male 74 1A 0.19 24 Semi-automated
Patient 16 Lung adenocarcinoma female 85 A 0.2 21 Semi-automated
Median [range) 65.5 (54-85) 1.48 73.5

Table 1. List of patient-derived tumor samples used in the study. For each patient, the tumor type, number
of viable isolated cells (in millions), post-isolation cell viability (%) and the method for cell isolation are
provided. Patients are listed according to their appearance in the results section. Samples from Patients 2,
12, and 13 were each divided into three pieces, and cells were isolated from each piece separately. The
number of isolated cells and the viability of isolated cells for each piece are provided. Eight artificial needle
biopsies were obtained from the samples of patients 14, 15, and 16, which were dissociated into cell

suspensions. The number of isolated cells and their viability for each sample are reported.

To confirm that cancer cells were present in the cell suspension, remained intact during tissue
dissociation, and were still present after 24 hours, the incubation period for drug sensitivity testing,

the isolated cells were stained with an anti-EpCAM (epithelial cell adhesion molecule) antibody
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and analyzed by flow cytometry. EpCAM is a well-known tumor antigen expressed in epithelial

tumors, circulating tumor cells, and cancer stem cells.(®

Identifying cancer cell biomarkers for all three subtypes of NSCLC can be challenging. Lung
tumors can be highly heterogeneous, with different regions or cells within the same tumor
exhibiting varied expression of biomarkers. This intra-tumor heterogeneity makes it challenging to
rely on a single biomarker to identify cancer cells accurately across samples.®'® Additionally, not
all biomarkers are compatible with all detection techniques, such as flow cytometry. EpCAM was
selected as a marker because all subtypes can express it; however, studies have shown that EpCAM
expression can be low in lung cancer tumors,*” which may mean the actual number of cancer

cells in the sample could be higher than detected.

To stain the cells with the anti-EpCAM antibody, one fraction of cells was stained immediately
after isolation, and another fraction was cultured in a 6-well plate for 24 hours and then stained to
ensure EpCAM-positive cells were not lost during the incubation period. Cells were washed with
PBS to remove the culture medium, fixed with 4% paraformaldehyde, and then blocked with a
Blocker BSA solution for 1 hour at room temperature. The samples were then incubated with the
conjugated anti-EpCAM antibody overnight at 4°C. The following day, the samples were rinsed
with PBS to remove unbound antibody and analyzed by flow cytometry, as shown in Figure 6.
Each sample included two negative controls, one after cell isolation and one after 24 hours of

incubation, in which the conjugated anti-EpCAM antibody was not added.

The results (Figure 6) indicate that the proportion of EpCAM-positive cells ranged from 71.6% to
83.9% immediately after cell isolation, and from 67.4% to 93.4% after 24 hours of incubation,

confirming that cancer cells were present in the cell suspension, even after 24 hours of incubation.
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Figure 6. Detection of EpCAM-positive cancer cells in cell suspensions post-isolation and after 24-hour
incubation. Cells were stained with a conjugated anti-EpCAM antibody detected in the Green B fluorescent
channel. Cell populations were graphed as side scatter vs. Green B fluorescence, where Q4 represents the
EpCAM-negative population and Q3 represents the EpCAM-positive population. Negative controls,

without anti-EpCAM antibody staining, were included for each time point.

The concentration of isolated cells was adjusted to achieve 300 cells per 200-nanoliter droplet. To
evaluate cell viability and variability of controls, cells isolated from Patient 9 were cultured on 134
spots of the DMA slide. Cells were dispensed on the DMA slide using an automated liquid
dispenser IDOT-One. Humidity during dispensing was maintained at 70% using a humidifier
connected to the IDOT-One. Following dispensing, the DMA slide was immediately placed inside
a humidity-controlled Petri dish (referred to as a humidity chamber) and incubated in a standard

cell culture incubator for 24 hours. After incubation, a staining solution containing Hoechst 33342,
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Calcein-AM, and Propidium lodide (PI) was dispensed onto each spot using IDOT-One liquid
dispenser. Each spot was imaged using an automated fluorescence microscope in brightfield and
three fluorescent channels. Cell viability was calculated by dividing the number of live cells
(Calcein-positive) by the total number of cells (Calcein-positive + PI-positive), as shown in Figure
1.
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Figure 7. Cell viability of isolated tumor cells cultured on the DMA slide. A) A total of 300 cells per 200-
nanoliter droplet were cultured on 134 spots of the DMA slide. After 24 hours of incubation, cells were
stained with Hoechst 33342, Calcein-AM, and PI. Cell viability was calculated as the ratio of Calcein-
positive cells to the total number of cells (Calcein-positive + Pl-positive). B) Representative images of a
single DMA spot containing isolated tumor cells stained with Hoechst 33342, Calcein-AM, and PI. Scale
bar: 200 pm.
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2.1.3. Drug sensitivity test on patient-derived cells

To perform drug sensitivity tests on patient-derived cells, drug libraries were first prepared. Twelve
anticancer chemotherapy drugs commonly used in lung cancer treatment over the past five years
were selected and printed on a DMA slide at five different concentrations, with five replicates for
each concentration (Table 2). The drug concentrations were selected based on their 1C50
distribution for lung adenocarcinoma and lung squamous cell carcinoma, obtained from the
Genomics of Drug Sensitivity in Cancer (GDSC) database.® The concentrations were created
through 2-fold serial dilution, maintaining a consistent dilution factor. Details of the drug names,
mechanisms of action, and concentrations used in this study are provided in Table 2. For each drug,
10 mM stock solutions were prepared in DMSO. A non-contact dispensing system (Scienion) was
used to print 2 nL of each drug solution onto each spot of the DMA slide. As a control, 2 nL of
DMSO was also printed on the slide. The drug-printed DMA slides were dried in the dark at room
temperature for 24 hours to ensure evaporation of the DMSO. The pre-dispensed slides were then

stored in a dark box containing silica gel until use.
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Concentration (uM)

Drug Mechanism of action C1.C5
Vinorelbine Inhibition of microtubule polymerization 0.06 -1
Pemetrexed Inhibition of thymidylate synthase 6.25-100
Paclitaxel Stabilization of microtubules, preventing depolymerization 0.06 -1
Gemcitabine Inhibition of DNA synthesis 0.06 -1
Docetaxel Stabilization of microtubules. preventing depolymerization 0.03-0.5
Etoposide Inhibition of DNA topoisomerase II 1.8-30
Cisplatin DNA cross-linking/alkylation 6.25 - 100
Carboplatin DNA cross-linking/alkylation 6.25 -100
Vineristine Inhibition of microtubule polymerization 0.3-5
Topotecan Inhibition of DNA topoisomerase I 0.6-10
Doxorubicin Inhibition of DNA topoisomerase II. intercalation into DNA 0.06-1
Cyclophosphamide DNA cross-linking/alkylation 6.25 - 100

Table 2. Anticancer cytotoxic drugs used in this study, including their mechanisms of action and the
concentrations (in uM) at which they were tested. The concentrations range from C1 (lowest concentration)
to C5 (highest concentration). These concentrations were created through 2-fold serial dilution, with each

subsequent concentration being half of the previous one, maintaining a consistent dilution factor.

Chemotherapy targets not only cancer cells but also affects the broader cellular environment of the
tumor, which plays a critical role in shaping therapeutic response. The interactions between cancer
cells and other cellular components, such as immune cells, fibroblasts, and endothelial cells, are
known to influence drug sensitivity and resistance.('® 120 Therefore, in this study, the entire
cellular population isolated from each tumor was used for drug testing to capture these complex,

clinically relevant dynamics and provide a more accurate representation of in vivo drug efficacy.

In total, 2 x 10° cells were used per library to assess cell viability in response to 12 drugs tested at
5 concentrations each, with 5 replicates per concentration. The concentration of isolated cells was
adjusted to achieve 300 cells per 200-nanoliter droplet, which were printed onto pre-printed drug
libraries using the IDOT-One liquid dispenser. After incubation, a staining solution containing

Hoechst 33342, Calcein-AM, and Pl was dispensed onto each spot. Each spot was then imaged
-36-



Results and discussion

using an automated screening fluorescence microscope in brightfield and three fluorescent

channels. Cell viability was measured and is presented in Figure 8B.

In Figure 8B, the left panel shows drug response data for patients 4, 5, and 6, who were diagnosed
with adenocarcinoma, while the right panel displays data for patients 7, 8, and 9, diagnosed with
squamous cell carcinoma. Results showed that the platform effectively captured inter-patient
variations in drug response. For example, in adenocarcinoma patients, vinorelbine reduced cell
viability to 33.8% at 1 uM in cells from patient 4, but to 58.5% and 57.0% in cells from patients 5

and 6, respectively.
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Figure 8. Drug sensitivity test on patient-derived cells. A) H&E staining of six NSCLC samples provided
by pathology. The upper panel shows the full tissue sections, while the lower panel provides an enlarged
view. Patients 4, 5, and 6 were diagnosed with adenocarcinoma, while patients 7, 8, and 9 were diagnosed
with squamous cell carcinoma. B) Drug sensitivity results for the six samples after 24 hours of drug
incubation. Cells were stained with a solution containing Hoechst 33342, Calcein-AM, and PIl. Drug
concentration 1 represents the lowest concentration, and Drug concentration 5 represents the highest. Green
spots indicate cell viability greater than 60%, yellow spots indicate viability between 60% to 40%, and red

spots indicate viability below 40%.

-38-



Results and discussion

To study these variations more closely, dose-response curves for each drug were generated using
data from cell viability assays after 24 hours of drug incubation, comparing the responses of six
different samples to the same panel of drugs (Figure 9). The IC50, which represents the half-
maximal inhibitory concentration of a drug, was determined from the dose-response curves. The
dose-response curves show the differences in drug sensitivity between the different patient's tumor.
For example, the IC50 for vinorelbine in Patient 4 was 0.37 uM, whereas for Patients 5 and 6, 50%
inhibition was not achieved within the tested concentration range. Additionally, Patients 7 and 9,
both diagnosed with stage 11B squamous cell carcinoma, displayed similar responses to some drugs,
such as carboplatin and cisplatin, with IC50 values of 25.11 uM and 24.54 uM, respectively.
However, they showed variation in response to doxorubicin, where Patient 7 reached an IC50 of 1
uM, while Patient 9 did not achieve 50% inhibition within the tested concentration range.

In a study by Wu M. et al., cancer cell cultures established from the pleural effusion of a patient
with NSCLC were used. A total of 1 x 10* cells were cultured in each well of a 96-well plate and
treated with cisplatin, gemcitabine, pemetrexed, or docetaxel, or combinations of these drugs, for
48 hours.®?Y In another study by Andus I. et al., three patient-derived cell lines of different NSCLC
(Adenocarcinoma, squamous cell carcinoma and pleomorphic carcinoma) were generated and
seeded in a 96-well plate (1-2 x 10* cells per well) in 150 pl/well standard medium and subjected
to chemotherapy for 72 hours.®?? In contrast, our results demonstrate the platform’s ability to
detect patient-specific drug sensitivity using only 2 x 10° cells for the entire library of 12 anticancer
drugs tested at 5 different concentrations with 5 replicates per concentration in nanoliter-volume
droplets. Compared to the two studies mentioned, using microtiter plates, this represents a 90%
reduction in cell usage (from 1 x 10* cells/well to 300 cells per droplet) and a 99.87% reduction in
assay volume (from 150 pl/well to 200 nanoliters per droplet). This represents a significant
reduction in the number of cells and volume of the tests, offering a more efficient approach to drug

screening.
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Figure 9. Comparison of dose-dependent effects of compounds on primary patient-derived cells cultured
on a DMA slide. A total of 300 cells were cultured in 200-nanoliter droplets and exposed to drugs for 24
hours. After incubation, cells were stained with Hoechst 33342, Calcein-AM, and PI, and imaged using an
automated fluorescence microscope. The IC50 (half-maximal inhibitory concentration) of each drug was
determined. The average was taken from five repeats, with error bars indicating standard deviations.

To evaluate how different number of cells can influence reproducibility, variability and statistics
of drug responses, a dedicated workflow was designed, as illustrated in Figure 10. Drug libraries
were prepared by dispensing four blocks of vinorelbine, pemetrexed, and doxorubicin at five
different concentrations, with five replicates for each concentration on a single chip (Figure 10,
Step 1). The concentration of isolated cells (Figure 10, Step Il) was then adjusted for four cell
densities: 700, 500, 300, and 150 cells per 200-nanoliter droplet. Each cell density was printed in
one block of the DMA slide containing the three drugs at varying concentrations, with all densities
tested on the same chip (Figure 10, Step I11). Cells were exposed to the drugs for 24 hours, followed

by staining and imaging as previously described (Figure 10, Step V).
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Figure 10. Workflow for evaluating the reproducibility of drug sensitivity tests on patient-derived cells.
(Step I) Preparation of drug libraries by dispensing four arrays (11x14) of vinorelbine, pemetrexed, and
doxorubicin at five concentrations with five replicates for each concentration on a single chip. (Step 1)
Adjusting the concentration of isolated cells to four cell densities (700, 500, 300, and 150 cells per 200-
nanoliter droplet). (Step 111) Printing of each cell density onto array of 11x14 on the DMA slide containing
the drug libraries. (Step 1V) Incubation of cells with drugs for 24 hours, followed by staining and imaging

to assess cell viability and drug response reproducibility.

Figure 11 shows the results of drug sensitivity tests conducted on different cell densities using cells
isolated from three patient-derived samples. Across all four cell densities (700, 500, 300, and 150
cells per spot), cell viability decreased consistently with increasing drug concentrations. The
similarity of the graphs for 700, 500, and 300 cells per spot suggests that the drug testing platform

delivers consistent and reproducible results at these densities. The effect of cell density on cell
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viability was evaluated as not significant, except for the Patient 10 sample exposed to doxorubicin,
where significant effects were observed at 0.5 uM (P <0.0001) and 1 pM (P = 0.0030). This result

may be attributed to the higher variability observed at 150 cells per spot, indicating that assay

performance may be more sensitive to cell density at lower levels.
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Figure 11. Reproducibility of drug sensitivity testing across different cell densities. The cell viability of

cells subjected to three drugs (vinorelbine, pemetrexed, and doxorubicin) was normalized to DMSO control

and is shown across three patient-derived samples. Each drug was tested at five concentrations, with each

concentration represented by five replicates, across four cell densities (700, 500, 300, and 150 cells per 200-

nanoliter droplet). Error bars indicate standard deviation derived from the five replicates at each

concentration. The effect of cell density on cell viability was evaluated as not significant (P = 0.2721-

0.9994), except for the Patient 10 sample exposed to doxorubicin, where the effect was extremely significant

(P < 0.0001) at 0.5 uM concentration and significant (P=0.0030) at 1 uM concentration. Statistical

significance was determined using one-way ordinary ANOVA, with highly significant differences (****p
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< 0.0001, ***p < 0.001, **p < 0.01) for comparisons between different groups, while “NS” indicates
nonsignificant statistical difference between the data groups.

One of the major challenges in precision oncology is intratumor heterogeneity, the presence of
genetically and phenotypically distinct cell populations within a single tumor. This heterogeneity
can contribute to differences in drug sensitivity among various regions of the tumor, impacting
treatment efficacy and potentially leading to partial drug response and tumor recurrence.?* 124 To
investigate this, the current study assessed drug sensitivity across distinct regions of patient-derived

tumors.

To evaluate if it is possible to capture intratumor variation in drug responses, each tumor was
divided into three sections (Fig. 12A), with cells isolated separately from each region. Then the
isolated cells were printed onto 3 copies of a drug library to assess the variability in their responses.
After a 24-hour exposure to the drugs, cells were stained with a staining solution and imaged to

analyze viability and response (Fig. 12B).
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Figure 12. Workflow of evaluating intratumor heterogeneity in drug sensitivity across distinct tumor

regions. A) Each tumor was divided into three sections to capture potential intratumor variation. B)
44 -
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Schematic workflow of the intratumor heterogeneity drug sensitivity test. In Step I, cells were isolated
separately from each section. Each cell population was diluted to achieve a concentration of 300 cells per
200 nanoliters and dispensed onto a drug library containing 12 anticancer drugs at 5 different concentrations,
with 5 replicates per concentration (Step Il). Following a 24-hour incubation, cells were stained with a
staining solution and imaged (Step I11).

Three tumors were assessed using this method; however, only the results from the first tumor are
presented in Figure 13, as analysis of the other two samples is ongoing. Figure 13A displays the
drug sensitivity responses of cells derived from each section of the tumor to a panel of 12 anticancer
drugs in three different heatmaps. Figure 13B shows the dose-response curves for each drug,
comparing the responses of three different sections from Patient 12. These dose-response curves
were generated using data from cell viability assays after 24 hours of drug incubation. The IC50
was determined from the dose-response curves. The curves show the differences in drug sensitivity
between the different regions of the patient's tumor. For example, across the tumor sections,
responses to vinorelbine, gemcitabine, and topotecan were consistent, showing no significant
differences in sensitivity. However, slight variations in drug response were observed for some
drugs. For example, cisplatin decreased cell viability in all three sections, but the second and third
section showed a stronger response, with the 1C50 of 15.48 and 13.38 uM respectively, compared
to section one, which showed a reduction to 16.98%. Another example is carboplatin, with the IC50
of 16.21 and 13.18 in section one and three respectively, whereas in section two IC50 was 33.11
pM.

While this analysis only included half of the tumor, divided into three sections, the findings suggest
that intratumor heterogeneity may impact drug response, though the sample size may have been
too small to capture the full extent of this variability. Nevertheless, the results highlight the
potential of sampling different regions of a tumor to explore the variation in drug sensitivity. This

approach could allow clinicians to better understand how heterogeneity within a tumor might
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influence treatment efficacy and to tailor drug choices according to the specific responses

different tumor regions.
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Figure 13. Drug sensitivity across different regions of a single tumor specimen. A) Each heatmap represents

the drug responses of one section of the tumor to 12 anticancer drugs which corresponds to the left (1),

center (2) and the right (3) section. Drug sensitivity results were assessed after 24 hours of incubation with

drugs. Cells were stained with a solution containing Hoechst 33342, Calcein-AM, and PIl. Drug
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concentration 1 represents the lowest concentration, and Drug concentration 5 represents the highest. Green
spots indicate cell viability greater than 60%, yellow spots indicate viability between 60% to 40%, and red
spots indicate viability below 40%. B) Dose-response curves generated using data from cell viability assays
after 24 hours of drug incubation from cells isolated from three sections of Patient 12's sample. Viability
percentages at different drug concentrations were plotted, and the curves were fitted using nonlinear
regression analysis. The IC50 (half-maximal inhibitory concentration) of each drug for each section was
determined using the curves. The average was calculated from five repeats, and error bars represent standard

deviations.

So far, the application of drug sensitivity tests is largely limited to tumors obtained through surgical
resection. This means that the current approach may primarily benefit patients who undergo
surgery. However, for patients with advanced-stage cancers or metastasis, tissue samples are
typically collected through needle biopsies, which yield a much smaller amount of cellular
material.*** This limited cell count poses a significant challenge, as it may not be sufficient for

traditional drug sensitivity testing.®"

To address this problem, the potential of the DMA platform for conducting drug sensitivity tests
on needle biopsy-derived cells was investigated. A total of 8 artificial biopsies were obtained from
3 different tumors, weighing approximately 0.02 g each, the minimum tissue size that the
gentleMACS device can reliably process. To maximize the yield from these small samples, cell
isolation procedures were adjusted: only a single 100 um cell strainer was used to remove
undigested tissue while retaining as many viable cells as possible (Figure 14B, Step 1). Table 1
shows the results of cell isolation, revealing that cells derived from biopsies of patient 14 had a
viability of only 26%, which was too low for drug sensitivity tests. However, cells isolated from
patients 15 and 16 yielded in total 0.19 x 10° and 0.2 x 10° cells, respectively, sufficient for drug
sensitivity testing. The concentration of cells was adjusted to 300 cells per 200-nanoliter droplet
and printed onto the pre-dispensed drug libraries, as previously described (Figure 14B, Step I1).
After 24 hours of drug incubation, cells were stained and imaged to assess viability (Figure 14B,
Step I11).
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Figure 14. Workflow for drug sensitivity testing using needle biopsy samples. (A) Eight artificial biopsies
obtained from a tumor (upper panel) and a close-up showing biopsy size (lower panel). (B) Schematic
workflow of the drug sensitivity testing on needle biopsy samples: Biopsies were taken from a resected
tumor and processed to obtain a single-cell suspension (Step 1). Isolated cells were diluted to a concentration
of 300 cells per 200-nanoliter droplet and dispensed onto a drug library containing 12 anticancer drugs at
five concentrations, with five replicates per concentration (Step 11). Following a 24-hour incubation, cells

were stained and imaged (Step II).

Figure 15A shows the results from patient 15 and patient 16’s biopsy-derived cells, highlighting
the platform’s effectiveness in performing DSRT on limited samples such as needle biopsy
samples. However, due to a technical issue during image acquisition, some images for Patient 16
were lost and image analysis was not possible for some drug concentrations, as indicated by a cross
sign in the heatmap. Figure 15B shows the dose-response curves for each drug, comparing the
responses of biopsy-derived cells from Patient 15 and Patient 16. These dose-response curves were
generated using data from cell viability assays after 24 hours of drug incubation. The 1C50 was
determined from the dose-response curves. The curves illustrate the differences in drug sensitivity
between the two patients' cells. For example, the responses to topotecan varied between the two
samples: in Patient 15 the IC50 was 0.81 uM while Patient 16 did not achieve 50% inhibition within
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the tested concentration range. This highlights the variability in drug sensitivity between the two

patients' cells.
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Figure 15. Drug sensitivity testing using needle biopsy samples. A) Drug sensitivity results for the two

artificial needle biopsy samples after 24 hours of drug incubation. Cells were stained with a solution

containing Hoechst 33342, Calcein-AM, and PI. Drug concentration 1 represents the lowest concentration,
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and Drug concentration 5 represents the highest. Green spots indicate cell viability greater than 60%, yellow
spots indicate viability between 60% to 40%, and red spots indicate viability below 40%. Some spots could
not be analyzed due to technical issues during image acquisition, and these are marked with a cross sign. B)
Dose-response curves generated using data from cell viability assays after 24 hours of drug incubation from
cells isolated from Patient 15's and Patient 16's artificial needle biopsies. Viability percentages at different
drug concentrations were plotted, and the curves were fitted using nonlinear regression analysis. The 1C50
(half-maximal inhibitory concentration) of for both samples was determined using the curves. The average

was calculated from five repeats, and error bars represent standard deviations.

2.1.4. Summary

Lung cancer remains one of the leading causes of cancer-related death worldwide, NSCLC
accounts for approximately 85% of lung cancer cases. Advances in personalized medicine have
shifted treatment strategies for NSCLC from standardized approaches to personalized tailored
therapies based on the tumor’s molecular characteristics. However, personalized treatment
selection faces challenges, especially for patients diagnosed with advanced, inoperable stages,
where small cell samples from core needle biopsies are often the only available source of tumor

cells.

DSRT plays a critical role in identifying effective treatments but is typically limited to tumors
obtained through surgical resection, which yields millions of cells. For patients who rely on needle
biopsy for diagnosis, limited cellular material often restricts the application of DSRT. Additionally,
time is an important factor; patients with advanced-stage cancer cannot afford to wait for the weeks
or months required to expand and establish in vitro models. This study addresses these limitations
by developing a miniaturized DSRT platform using DMA technology, enabling efficient testing
directly on cells isolated from patient-derived lung cancer biopsies. By using a scaled-down
approach, the DMA platform requires fewer cells and smaller reagent volumes, allowing for rapid
and comprehensive screening with small biopsy samples, without the need for extended cell

expansion.
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In this study tumor samples were obtained from patients with stage | to 11l NSCLC post-surgery
and dissociated into single-cell suspensions using two methods: manual dissociation with Liberase
DH and a semi-automated gentleMACS™ Octo Dissociator. Drug libraries comprising 12
commonly used chemotherapy drugs were printed on the DMA slide at five concentrations. Isolated
cells were printed onto the pre-dispensed slides and incubated for 24 hours. Viability was assessed
using fluorescence staining and imaging. In addition, the cell isolation method was optimized for
isolating cells from needle biopsy samples to maximize the yield of cells obtained from these

minimal samples.

The miniaturized DSRT platform demonstrated the ability to test drug sensitivity with as few as
300 cells per spot, showing consistent and reproducible results. The platform captured both inter-
and intra-patient variability in drug responses. The study also explored intratumor heterogeneity
by analyzing drug responses from three distinct tumor regions, revealing differences in sensitivity
to certain drugs like cisplatin. Furthermore, the platform successfully conducted DSRT on cells

derived from artificial needle biopsies, demonstrating its potential for miniaturized DSRT tests.

The miniaturized DSRT platform using the DMA slide represents a significant advancement in
precision oncology. By requiring minimal cell input, it facilitates drug sensitivity testing even for
patients with limited tumor material, enabling more personalized and rapid treatment decisions.
This approach provides a high-throughput, efficient solution to overcome the limitations of
traditional DSRT methods.

2.2. High-Throughput Screening to Uncover Therapeutic Vulnerabilities
in Decitabine-Treated Glioma cells using Droplet Microarray

2.2.1. Project idea and background

Gliomas are a diverse category of primary brain tumors that include glioblastoma (GBM),
astrocytoma, and oligodendroglioma. Among these, GBM is the most aggressive and frequently
occurring one, more than 60% of all brain tumors in adults.?® Despite the variety of modern

therapies available for GBM, it remains a deadly disease with an extremely poor prognosis.
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Standard treatments for gliomas include surgical resection, radiation, and chemotherapy with
agents such as temozolomide.?® However, these therapies often lead to limited success and
glioblastoma progression, despite standard care.®?” Less than 5% of glioblastoma patients survive
5 years after their initial diagnosis and this rate has hardly improved over the past century and this
emphasizes the critical need to identify and develop new treatment strategies. 2%

Epigenetics plays an important role in the development and progression of glioblastoma, as it
involves reversible modifications to the genome that regulate gene expression without altering the
DNA sequence itself.*?® The two key modifications include DNA methylation and histone
modifications, which can impact tumorigenesis and therapeutic response in GBM. In GBM,
abnormal DNA methylation patterns, such as the silencing of tumor suppressor genes and the
activation of oncogenes, are commonly observed.3) The dysregulation of these epigenetic
processes not only contributes to the malignancy of GBM but also complicates treatment strategies,
as epigenetic alterations can lead to drug resistance and tumor recurrence.*3) Understanding these
epigenetic mechanisms offers potential for targeted therapies that could restore normal gene

expression patterns, providing a promising avenue for improving the treatment of GBM.

In recent years, using epigenetic therapies for solid tumors has emerged, with the potential to
disrupt tumor cell epigenetics and sensitize them to existing chemotherapies. 32133 Among these,
decitabine (DAC), a DNA methyltransferase inhibitor, has shown particular promise in reactivating
silenced tumor suppressor genes, potentially sensitizing the cells to chemotherapy. 34139 |t works
by incorporating into DNA and inhibiting DNA methyltransferase enzymes (DNMTSs), which are
responsible for adding methyl groups to cytosine residues in DNA. By inhibiting DNMTSs,
decitabine leads to a gradual loss of DNA methylation marks, specifically at CpG sites.*3®) This
hypomethylation can reactivate the expression of tumor suppressor genes and other genes that are
often silenced in cancer due to abnormal methylation, potentially restoring more normal cellular
function and making cancer cells more susceptible to other treatments.**” DAC is already utilized
in treating certain hematological malignancies,®*® and there is growing interest in its role as a part
of combination therapies for solid tumors, particularly in tumors with complex epigenetic

landscapes like gliomas.
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Combining decitabine with other therapeutic agents in solid tumors is an area of active
investigation however, despite DAC’s therapeutic promise, its clinical application in gliomas has
been limited by challenges in model development. Preclinical glioma models are difficult to culture
due to the low proliferation of primary patient-derived tumorspheres (PDTs).®3% This lack of

robust models for gliomas restricts the potential for drug discovery.

In this study, screening of a library of 722 CNS-penetrating compounds is being performed on
patient-derived 3D tumorsphere cell lines with and without decitabine pre-treatment, with the goal
to identify those that show greater therapeutic potential when combined with DAC. This approach
is designed to assess whether pretreatment with decitabine reveals potential therapeutic

vulnerabilities in gliomas.

To facilitate these screenings, the DMA platform is used. The DMA platform generates hundreds
of nanoliter-scale droplets, supporting single tumorosphere array, making it particularly suitable
for drug testing in slow-growing glioma cells. With reduced reagent consumption, the DMA

platform allows for high-throughput, cost-effective screenings.

This research aims to broaden the therapeutic landscape for glioblastoma patients by introducing
scalable, efficient methodologies to identify drug combinations with enhanced efficacy in DAC-

pretreated cells.

2.2.2. Culturing glioma spheroids

In this study, two patient-derived glioma tumorspheres were used, L0125 and L0512 (provided by
Prof. Dr. Sevin Turcan, Neurology Clinic and National Center for Tumor Diseases, University
Hospital Heidelberg, Germany). L0512 cells grow as cell spheroids while L0125 cells grow as cell
aggregates in culture. As the first step, the hanging drop method was employed to rebuild the 3D
structure of the cells on the DMA, aiming to recapitulate the 3D growth characteristics of the PDTs.
The DMA used in this study consisted of 672 square hydrophilic spots (1 mm x 1 mm). Previous
studies have demonstrated the DMA platform’s ability to generate a single 3D cell spheroid per
droplet using the hanging drop method with HeLa, MCF-7, and HEK293 cell lines. ©¥
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To demonstrate spheroid formation on the DMA slide using the hanging drop method, MCF-7
cells, commonly used in previous studies, were chosen. In this procedure, an anti-adherence rinsing
solution was applied to coat hydrophilic spots and minimize cell adhesion on DMA spots. Initially,
the anti-adherence rinsing solution was dispensed onto the DMA spots and allowed to dry. A cell
suspension was then dispensed onto the treated DMA spots, and the slide was immediately inverted
after dispensing. The inverted slide was placed on a 'Spheroid table' to culture cells using the
hanging drop method. Here, a single spheroid array was formed using the MCF-7 breast cancer
cell line (Figure 16). The MCF-7 cells were dispensed onto spots coated with the anti-adherence
solution, which prevented the cells from adhering to the surface. Instead, the cells adhered to each
other, forming cell aggregates, as shown in Figure 16. Over time, these aggregates became more

compact, resulting in the formation of round spheroids.

Oh 1h 5h

Figure 16. Formation of a single cell spheroid on a spot of the DMA slide. 500 MCF-7 cells were dispensed
in the volume of 200 nL on the DMA slide and incubated in an inverted position for 24 hours. After
dispensing, the cells begin attaching to each other (0 hours), forming a cell aggregate after 1 hour, which
becomes more compact after 5 hours, leading to the formation of a single roundish cell spheroid on the
DMA slide. Scale bar: 200 pm.
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To ensure that the hanging drop method is compatible with L0125 and L0512 tumorspheres and
can be used to create cell spheroids for these lines on the DMA slide, the concentration of both cell
lines was adjusted to 300 cells per droplet with a volume of 200 nanoliters and printed onto a
separate DMA slide with spots coated with the anti-adherence rinsing solution. The slide was then
inverted, with the spots facing down, and placed on a Spheroid Table inside a humidity-controlled
petri dish. The slides were incubated for 48 and 72 hours. After each incubation period, some spots
on the slide were stained with Calcein-AM and imaged using a fluorescence microscope, as shown
in Figure 17. These images confirmed that both cell lines were able to form single cell spheroids
using the hanging drop method on the DMA slide.

48h 72h
Brightfield Calcein Brightfield Calcein

L0125

L0512

BoGETE
SIS, e

e e §
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Figure 17. Single-cell spheroids of L0125 and L0512 on DMA slides. The upper panel shows L0125
spheroids formed after 48 hours (left) and 72 hours (right) in brightfield and Calcein channel. The lower
panel shows L0512 spheroids formed after 48 hours (left) and 72 hours (right) in brightfield and Calcein
channel. 300 cells per droplets of 200 nL were dispensed on the DMA spots. The slides were incubated for

48h and 72h in an inverted position. After incubating, cells were stained with Calcein. Scale bar: 200 pm.
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To determine the optimal cell number per spot for generating single spheroids on the DMA slide,
varying conditions were tested, with 300 to 600 cells per droplet in a 200-nanoliter volume, across
24 and 48 hours for the L0125 cell line. Cells were printed onto a DMA slide pre-coated with an
anti-adherence rinsing solution, and the DMA slide was then inverted, with the spots facing down,
on a Spheroid Table. After 24 hours, the slide was imaged in brightfield (Figure 18A) and
subsequently incubated in a humidity chamber for an additional 24 hours before being imaged
again. The images were then processed using Grid Screener, a tool for estimating grid parameters
and extracting grid elements which was developed in collaboration with Prof. Markus Reischl,
Institute for Automation and Applied Informatics (1Al). Using the grid data, Grid Screener
facilitated spot-wise processing to automatically measure the diameter of single spheroids cultured
on the DMA slide in brightfield. 40

The diameters of L0125 cell spheroids, cultured under different cell densities on the DMA slide,
were measured after 24 and 48 hours of incubation, as shown in Figures 18B and 18C, respectively.
The results indicated that spheroids formed successfully across all tested cell densities, with
spheroid diameters increasing after 48 hours of incubation compared to 24 hours. To meet the
objective of miniaturization, a density of 300 cells per spot was selected for further experiments

and screenings.
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Figure 18. Optimization of cell density for single spheroid formation on DMA slide using L0125 cells. A)
Array of 14 x 24 spots on a DMA slide, showing spheroids formed after 24 hours of incubation from 300,
400, 500, and 600 L0125 cells per droplet in a 200-nanoliter volume using the hanging drop method. Scale
bar: 3 mm. The lower panel displays a close-up of one representative spot from each block, with each spot
measuring 1 x 1 mm. B) Diameter of spheroids generated from 300, 400, 500, and 600 L0125 cells per
droplet after 24 hours of incubation on the DMA slide, measured in brightfield using Grid Screener. C)

Diameter of spheroids generated from 300, 400, 500, and 600 L0125 cells per droplet after 48 hours of
incubation on the DMA slide, measured in brightfield.

To optimize cell density for spheroid formation of the L0512 cell line on the DMA slide, cell
densities ranging from 300 to 600 cells per droplet in a 200-nanoliter volume were tested. After
printing the cells onto a DMA slide pre-coated with an anti-adherence solution, the slide was
inverted onto a Spheroid Table and incubated in a humidity-controlled environment. Brightfield

images were captured after 24 hours (Figure 19A), and the slide was incubated for an additional 24
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hours before imaging again. The Grid Screener tool was used to analyze these images, enabling
spot-wise diameter measurements of the spheroids.

Diameter measurements for L0512 spheroids at different cell densities after 24 and 48 hours of
incubation are shown in Figures 19B and 19C, respectively. The results confirmed that spheroids
formed successfully across all tested cell densities, with spheroid diameters increasing over time.
Based on these findings and to maintain miniaturization, 300 cells per spot was chosen for the

following experiments and screenings.
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Figure 19. Optimization of cell density for single spheroid formation on DMA slide using L0512 cells. A)
Array of 14 x 24 spots on a DMA slide, showing spheroids formed after 24 hours of incubation from 300,
400, 500, and 600 L0512 cells per droplet in a 200-nanoliter volume using the hanging drop method. Scale
bar: 3 mm. The lower panel displays a close-up of one representative spot from each block, with each spot

measuring 1 x 1 mm. B) Diameter of spheroids generated from 300, 400, 500, and 600 L0512 cells per
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droplet after 24 hours of incubation on the DMA slide, measured in brightfield using Grid Screener. C)
Diameter of spheroids generated from 300, 400, 500, and 600 L0512 cells per droplet after 48 hours of

incubation on the DMA slide, measured in brightfield.

In the next step, the growth of spheroids generated from 300 cells per spot in 200-nanoliter droplets
over 7 days on the DMA slide was investigated. Cells were printed onto a DMA slide pre-coated
with an anti-adherence rinsing solution, and the slide was then inverted, with the spots facing down,
on a Spheroid Table. The slide was incubated in a humidity-controlled environment for 7 days,
with brightfield images captured every 24 hours (Figure 20A). Images were processed using Grid
Screener to measure the diameter of single spheroids cultured on the DMA slide.

The diameters of spheroids from both cell lines over the 7-day period are shown in Figure 20B.
Results indicated that spheroid diameters increased over time; however, as no medium change was
performed, the growth of L0512 spheroids stopped after 72 hours, while L0125 spheroids showed
increased size variation over time. The culturing period for spheroids on the DMA slide could be
extended up to 14 days with medium changes using a sandwiching method.®4% However, since the
drug screening in this study did not require longer culture durations, medium change techniques

were not applied here.
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Figure 20. Culture and growth analysis of single spheroids on DMA slide over 7 days. A) Brightfield images
of a 4 x 4 array on the DMA slide showing single-cell spheroids cultured over 7 days. Day 1 represents the
day cells were printed on the slide, and Day 2 is 24 hours post-printing. Scale bar: 1 mm. B) Diameter
measurements of spheroids generated from 300 L0125 cells (left panel) and L0512 cells (right panel) per
droplet over 7 days of incubation on the DMA slide, obtained using Grid Screener in brightfield.

Decitabine is a DNA methyltransferase inhibitor and has shown potential in reactivating silenced

tumor suppressor genes by inhibiting DNMT enzymes responsible for DNA methylation. Through
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this inhibition, decitabine promotes hypomethylation at CpG sites, potentially restoring tumor

suppressor gene expression and sensitizing cancer cells to chemotherapy. 4% 137

The possible effects of decitabine on cell viability and spheroid formation were evaluated prior to
high-throughput drug screening. Pre-treatment with decitabine was performed on L0125 and L0512
glioma cell lines. 3 x 10° cells of each line were seeded into two wells of a 6-well plate. After an
initial 24-hour incubation, cells were tested in two conditions, with or without decitabine. Cells
were harvested from each well: one sample was centrifuged and resuspended in standard culture

medium, and the other was resuspended in medium containing 250 nM decitabine.

Following treatment period, cells were collected and prepared as single-cell suspensions. Cell
viability was assessed using Trypan blue, showing that decitabine treatment resulted in decreased
viability for both cell lines: L0125 cells had a viability of 77% post-treatment compared to 89%
for untreated cells, while L0512 cells showed 81% viability with decitabine versus 86% without.
These results confirmed that decitabine-treated cells retained sufficient viability for subsequent
drug screening. These cells were then seeded on a DMA slide coated with anti-adherence solution
to assess whether decitabine pretreatment affected spheroid formation. After a 48-hour incubation,
imaging (Figure 21) showed that pretreatment did not interfere with spheroid formation,

confirming the feasibility of using decitabine-pretreated spheroids for drug screening.
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Figure 21. Spheroid formation in L0125 and L0512 cells following decitabine pretreatment. The left panel
shows four blocks of a 3 x 14 array on the DMA slide, containing cell spheroids generated from L0125 cells
(untreated and decitabine-treated) and L0512 cells (untreated and decitabine-treated), imaged in brightfield.
Scale bar: 3 mm. The right panel displays a close-up of one representative spot from each block, with each

spot measuring 1 x 1 mm.

2.2.3. High-throughput drug screening

To conduct high-throughput drug screening on L0125 and L0512 cells, the DMA slides were first
coated with an anti-adherence rinsing solution and dried under a clean bench. A library of 722
CNS-penetrant compounds with known biological activity in neurological research was prepared
(listed in Appendix 1). Each drug was printed onto a DMA slide at a concentration of 5 uM with
five replicates per compound. A non-contact dispensing system (Scienion) was then used to print
2 nL of each drug solution onto individual spots on the DMA slide. DMSO (2 nL.) was also printed
as a control. This approach, which allows for high-throughput screening on 3D cell spheroids, has
previously been validated by Cui H. et al. in IDH1-mutant glioma PDTs®4? Once printed, the
slides were dried in the dark at room temperature for 24 hours to ensure DMSO evaporation, then

stored in dark with silica gel to maintain dryness until use.
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To prepare the cells, 3 x 10° cells of each line (L0125 and L0512) were seeded into two wells of a
6-well plate and incubated for 24 hours. Following this incubation, cells were harvested from each
well: one sample was centrifuged and resuspended in standard culture medium, and the other was
resuspended in medium containing 250 nM decitabine. Both groups of cells were cultured in two
separate wells of a 6-well plate for an additional 24 hours. After decitabine treatment, cells were
collected, and the concentration was adjusted to 300 cells per 200 nL for seeding onto the pre-
printed drug libraries. Cells were then exposed to the drugs for 72 hours.

After drug exposure, the slides were first imaged in brightfield. A dual-readout method was used,
combining both colorimetric and fluorescent assays. For the colorimetric assay, cells were stained
with Kit-8 and incubated for 2 hours in a humidity chamber to allow for the formation of formazan,
a colorimetric indicator of viable cells. The Kit-8 assay is designed to measure cell viability and
proliferation. When added to live cells, the reagent is reduced by mitochondrial dehydrogenases to
produce formazan, a yellow-orange colored compound. This reduction process occurs only in
viable cells with active metabolism. The greater the number of viable cells, the higher the intensity
of the color, which serves as an indicator of cell viability. After staining, the entire slide was
scanned with a standard document scanner to capture the color intensity, which correlates with cell
viability. For the fluorescent readout, cells were stained with a solution containing Hoechst,
Calcein-AM, and PI, incubated for 30 minutes, and then imaged using an automated screening

fluorescence microscope.

Currently, a method for analyzing the Kit-8 staining using Grid Screener is being developed in
collaboration with Prof. Markus Reischl, Institute for Automation and Applied Informatics (1Al).

This approach aims to quantify the color intensities and assign precise values for each spot.

So far, screening for 533 drugs on L0125 and 356 drugs on L0512 cell lines, under both decitabine-
pretreated and untreated conditions, have been completed. Screening of the remaining drugs is
ongoing. By comparing the Kit-8 colorimetric changes in drug-treated spots to the DMSO control,
several drug candidates were identified as potential hits that show efficacy in the DAC-treated
L0125 cells. These hits were further evaluated by overlaying the Calcein (live cells) and Pl (dead
cells) fluorescent channels. Effective drugs were expected to show an increase in Pl signal

intensity, indicating cell death. However, this fluorescent signal for the potential hits has not yet
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been quantified. The increased Pl signal observed in all drug-treated spots aligns with the results
from the Kit-8 assay, confirming these seven drugs as hits. The effects of these drug candidates
were also evaluated on DAC-untreated cells, using both Kit-8 staining and fluorescent imaging.
Table 3 lists the names of the identified drugs.

Number Name of drug

Vorinostat
Obatoclax Mesylate
Trametinib
Givinostat
Flavopiridol HCI
GNE-317
Epoxomicin

N O s W N e

Table 3. Identified Hits from high-throughput screening of L0125 Cells. The table presents the names of
seven drugs identified as potential hits during high-throughput screening. These hits were determined by
analyzing the color change in Kit-8 staining images relative to the DMSO control and by observing an
increase in the PI signal in fluorescent images. The observed color change and Pl signal increase were

consistent across all five replicates of the drug-treated spots

Figure 22 shows all hits in the DAC-pretreated condition, with their corresponding brightfield
images after 72 hours of drug incubation, prior to performing the readouts (A), the image obtained
from the scanner for the Kit-8 staining (B), and one representative drug-treated spot compared to
its DMSO control (C). The green box in the brightfield and Kit-8 images (A and B) highlight the
DMSO control spot, which appears yellow in the Kit-8 figures due to the higher number of viable
cells in comparison to the pale drug-treated spots. Panel C shows an overlay of Calcein (green) and
Pl (red) staining, where Calcein-positive cells represent live cells, and Pl-positive cells indicate
dead cells. The image on the left panel shows the DMSO control, and the right panel shows one

spot treated with drugs. To compare the effect of DAC-pretreatment on the efficacy of the drugs,
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the brightfield images after 72 hours of drug incubation, prior to performing the readouts (D), the
image obtained from the scanner for the Kit-8 staining (E), and one representative drug-treated spot
compared to its DMSO control (F) of the DAC-untreated cells exposed to the same drugs were
presented.
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Figure 22. Drug hits for L0125 cell line using dual read-out. A) Brightfield image of drug-treated spots in
DAC-pretreated cells after 72 hours of incubation. The image has been rotated 180° to align the DMSO
control spot with the corresponding Kit-8 image. B) Image from the Kit-8 staining scan, showing cell
viability in drug-treated spots for DAC-pretreated cells. The green box in both the brightfield (A) and Kit-
8 images (B) highlight the DMSO control spot, which appears yellow due to the presence of more viable
cells compared to the pale drug-treated spots. Scale bar: 1 mm. C) Overlay of Calcein (green) and Pl (red)
staining, showing the DMSO control on the left and one drug-treated spot on the right in DAC-pretreated
cells. Calcein-positive cells indicate live cells, while Pl-positive cells represent dead cells. The fluorescent
signal for P1 in drug-treated spots is expected to increase if the drug is effective in inducing cell death. Scale
bar: 200 um. D) Brightfield image of drug-treated spots in DAC-untreated cells after 72 hours of incubation.
The image has been rotated 180° to align the DMSO control spot with the corresponding Kit-8 image. E)
Image from the Kit-8 staining scan, showing cell viability in drug-treated spots for DAC-untreated cells.
The green box in both the brightfield (D) and Kit-8 images (E) highlight the DMSO control spot, which
appears yellow due to the presence of more viable cells compared to the pale drug-treated spots. Scale bar:
1 mm. F) Overlay of Calcein (green) and Pl (red) staining, showing the DMSO control on the left and one
drug-treated spot on the right in DAC-untreated cells. Calcein-positive cells indicate live cells, while Pl-

positive cells represent dead cells. Scale bar: 200 um.
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Obatoclax Mesylated, Trametinib, Givinostat, Flavopiridol HCI and GNE-317 did not show
significant effects in the DAC-untreated condition. However, when DAC-pretreated cells were
exposed to the same panel of drugs, the Kit-8-stained spots became pale compared to the control,
and the PI signal increased. This suggests that DAC pretreatment sensitizes the cells, enhancing
the efficacy of these CNS-penetrating drugs and highlighting their greater therapeutic potential
when combined with DAC.

The Bcl-2 inhibitor Obatoclax has shown promise in targeting patient-derived glioblastoma stem-
like cells.**3) Trametinib is a MEK1/MEK?2 inhibitor that has been evaluated in clinical trials for
various cancers, including gliomas. In 2023, the FDA approved the combination of dabrafenib and
trametinib for pediatric patients with low-grade glioma harboring a BRAF V600E mutation. 4
Givinostat, a histone deacetylase inhibitor, has demonstrated anti-tumor effects on both 2D and 3D
glioblastoma models.**>) Flavopiridol is a potent cyclin-dependent kinase (CDK) inhibitor that
works by disrupting the cell cycle, thereby preventing cell division and promoting apoptosis. It has
been evaluated in various cancers, including gliomas, and has shown activity against glioma cell
lines in vitro.!4® GNE-317 is a brain-penetrant Phosphatidylinositol 3-kinase (PI3K) inhibitor.
PI3K pathway deregulation has been implicated in glioblastoma, @47 14®) and GNE-317 has
demonstrated inhibition of this pathway in mouse models, achieving tumor growth inhibition of

90% and 50%, along with survival benefits. 49

This study suggests that DAC pretreatment can increase the efficacy of these drugs in treatment of

GBM cells by sensitizes the cells.

Vorinostat and Epoxomicin demonstrated effects on L0125 cells in both DAC-pretreated and
untreated conditions. Kit-8-stained spots became pale compared to the control, and the PI signal
intensity increased in both cases. This suggests that DAC pretreatment does not inhibit the activity
of these drugs on this cell line. Quantification of Kit-8 staining and PI signal intensities will help

clarify whether DAC enhances the efficacy of these drugs.

Vorinostat, another histone deacetylase inhibitor, has been studied for its effects on recurrent
glioblastomas but 9 Epoxomicin has not been specifically reported to target glioblastoma. This
study indicates its potential as a treatment for glioblastoma, either as a single agent or in
combination with DAC.
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To identify drug hits in the other cell line, L0512, Kit-8 colorimetric changes in drug-treated spots
were compared to the DMSO control. Several drug candidates were identified as potential hits that
show efficacy in the DAC-treated L512 cells. These hits were further evaluated by overlaying the
Calcein (live cells) and PI (dead cells) fluorescent channels. Effective drugs were expected to show
an increase in PI signal intensity, indicating cell death. However, this fluorescent signal for the
potential hits has not yet been quantified. The increased Pl signal observed in all drug-treated spots
aligns with the results from the Kit-8 assay, confirming these six drugs as hits. The effects of these
drug candidates were also evaluated on DAC-untreated cells, using both Kit-8 staining and
fluorescent imaging. Table 4 lists the names of the identified drugs.

Number Name of drug
1 Epirubicin HCI
2 Flavopiridol
3 Vecuronium bromide
4 SNS-032
5 AZD5438
6 Givinostat

Table 4. Identified Hits from high-throughput screening of L0512 Cells. The table presents the names of
six drugs identified as potential hits during high-throughput screening. These hits were determined by
analyzing the color change in Kit-8 staining images relative to the DMSO control and by observing an
increase in the PI signal in fluorescent images. The observed color change and PI signal increase were

consistent across all five replicates of the drug-treated spots
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Figure 23 shows all hits in the DAC-pretreated condition, with their corresponding brightfield
images after 72 hours of drug incubation, prior to performing the readouts (A), the image obtained
from the scanner for the Kit-8 staining (B), and one representative drug-treated spot compared to
its DMSO control (C). The green box in the brightfield and Kit-8 images (A and B) highlight the
DMSO control spot, which appears yellow in the Kit-8 figures due to the higher number of viable
cells in comparison to the pale drug-treated spots. Panel C shows an overlay of Calcein (green) and
Pl (red) staining, where Calcein-positive cells represent live cells, and Pl-positive cells indicate
dead cells. The image on the left panel shows the DMSO control, and the right panel shows one
spot treated with drugs. To compare the effect of DAC-pretreatment on the efficacy of the drugs,
the brightfield images after 72 hours of drug incubation, prior to performing the readouts (D), the
image obtained from the scanner for the Kit-8 staining (E), and one representative drug-treated spot
compared to its DMSO control (F) of the DAC-untreated cells exposed to the same drugs were

presented.
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6. Givinostat
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Figure 23. Drug hits for L0512 cell line using dual read-out. A) Brightfield image of drug-treated spots in
DAC-pretreated cells after 72 hours of incubation. The image has been rotated 180° to align the DMSO
control spot with the corresponding Kit-8 image. B) Image from the Kit-8 staining scan, showing cell
viability in drug-treated spots for DAC-pretreated cells. The green box in both the brightfield (A) and Kit-
8 images (B) highlight the DMSO control spot, which appears yellow due to the presence of more viable
cells compared to the pale drug-treated spots. Scale bar: 1 mm. C) Overlay of Calcein (green) and P (red)
staining, showing the DMSO control on the left and one drug-treated spot on the right in DAC-pretreated
cells. Calcein-positive cells indicate live cells, while Pl-positive cells represent dead cells. The fluorescent
signal for P1 in drug-treated spots is expected to increase if the drug is effective in inducing cell death. Scale
bar: 200 um. D) Brightfield image of drug-treated spots in DAC-untreated cells after 72 hours of incubation.
The image has been rotated 180° to align the DMSO control spot with the corresponding Kit-8 image. E)
Image from the Kit-8 staining scan, showing cell viability in drug-treated spots for DAC-untreated cells.
The green box in both the brightfield (D) and Kit-8 images (E) highlight the DMSO control spot, which
appears yellow due to the presence of more viable cells compared to the pale drug-treated spots. Scale bar:
1 mm. F) Overlay of Calcein (green) and Pl (red) staining, showing the DMSO control on the left and one
drug-treated spot on the right in DAC-untreated cells. Calcein-positive cells indicate live cells, while PI-

positive cells represent dead cells. Scale bar: 200 um.

Flavopiridol and Givinostat were also identified as hits for L0125, showing increased efficacy

when DAC-pretreated cells were exposed to them in both cell lines.

Epirubicin is an anthracycline chemotherapy drug commonly used to treat various cancers,
including breast cancer. It works by intercalating into DNA, inhibiting DNA synthesis, and

inducing apoptosis. Epirubicin HCI has been investigated in glioma and glioblastoma models. 5V
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Vecuronium bromide is a non-depolarizing neuromuscular blocker used primarily for muscle
relaxation during surgery and anesthesia. The effect of this drug in lung cancer cells A549
proliferation, migration and viability in the presence of a cytotoxic drug, cisplatin has been
investigated 2 but there is no study on the effect of this drug in Glioma. SNS-032 is a selective
CDK2/7/9 inhibitor, which, like Flavopiridol, disrupts the cell cycle and induces cell death. It has
shown efficacy in various cancer types, including gliomas.**® AZD5438 is a CDK inhibitor and
has been studied in various cancers, including gliomas, due to its ability to disrupt cancer cell

proliferation. %

Epirubicin demonstrated effects on L0512 cells in both DAC-pretreated and untreated conditions.
Kit-8-stained spots became pale compared to the control, and the PI signal intensity increased in
both cases. This suggests that DAC pretreatment does not inhibit the activity of this drug on this
cell line. Quantification of Kit-8 staining and PI signal intensities will help clarify whether DAC

enhances the efficacy of these drugs.

In this study, a combination therapy approach at the nanoliter scale was used, where cells were
pretreated with DAC and cultured as miniaturized cell spheroids. DAC pretreatment is
hypothesized to sensitize the cells, making them more susceptible to the cytotoxic effects of the
tested drugs therefore, improving their therapeutic potential. Currently, methods for quantifying
the results from Kit-8 and fluorescent staining are in progress, which will help determine whether

DAC enhances the efficacy of these drugs.

Drug testing on the remaining compounds in the library is ongoing, with the goal of identifying
additional therapeutic options for glioblastoma patients. To validate the results obtained so far
(listed in Tables 3 and 4) and to generate dose-response curves, eleven concentrations of each drug
will be prepared. The cell lines will then be tested with these concentrations in both DAC-pretreated

and untreated conditions using 384-well plates.
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2.2.4. Summary

Gliomas, particularly GBM, are a heterogeneous and highly aggressive group of primary brain
tumors. While standard treatments, including surgery, radiation, and chemotherapy with agents like
temozolomide, are commonly used, they often fail. One major factor contributing to this resistance
is epigenetic dysregulation, highlighting the urgent need for alternative therapeutic strategies. This
study aims to introduce a novel approach that targets these epigenetic mechanisms to improve

treatment outcomes.

The aim of this study is to find new therapeutic options for GBM by pre-treating glioblastoma cells
with decitabine (DAC), a DNA methyltransferase inhibitor, and screening for synergistic drug
combinations using high-throughput drug testing. This approach aims to enhance the efficacy of
blood-brain barrier-penetrating drugs in DAC-pretreated glioma cells. The study uses the DMA
platform for high-throughput screening of 722 drugs, where assay miniaturization reduces reagent
consumption and increases throughput. Additionally, the glioblastoma tumor sphere cell lines used
in this study, L0125 and L0512, are slow-growing, and the DMA platform helps minimize the
number of cells required for testing. This approach is designed to identify potential therapies that

could overcome the epigenetic resistance mechanisms present in glioblastoma.

In this study, GBM cells were pre-treated with DAC to sensitize them to a library of 722 CNS-
penetrating drugs. The DMA platform was used for high-throughput drug screening by culturing
only 300 cells per spots with the volume of 200 nanoliter. The drug effects were assessed in DAC-
pretreated and untreated conditions, and the efficacy of the treatments was compared to identify
drugs that showed enhanced activity in DAC-sensitized cells. The results were validated by using

fluorescent staining techniques and comparing them with the Kit-8 cell viability assay.

The drug screening identified several potential hits. Among the identified drugs, Obatoclax
Mesylate, Trametinib, Givinostat, Flavopiridol HCI, GNE-317, Epirubicin HCI, Vecuronium
bromide, SNS-032 and AZD5438 showed enhanced toxicity in the DAC-pretreated cells compared
to untreated cells, suggesting DAC's ability to sensitize the cells to these drugs. These findings
demonstrate that DAC pretreatment can enhance the therapeutic potential of several CNS-

penetrating drugs by overcoming the epigenetic resistance present in glioblastoma.
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This study successfully introduced a novel combination therapy strategy on DMA slide by using
DAC pretreatment to sensitize glioma cells to a broad panel of drugs. The use of the DMA platform
enabled high-throughput screening and the identification of promising drug combinations that can
be further explored in future clinical studies. The results support the concept that DAC can enhance
the efficacy of existing CNS-penetrating drugs, making them more effective in treating
glioblastoma. This approach represents a promising direction in glioma therapy, particularly for
tumors that exhibit resistance to conventional treatments. Additionally, the DMA platform holds
potential for rapid, scalable testing of other therapeutic agents, offering a powerful tool for future
high-throughput drug screening in gliomas and other types of cancer.

2.3.  Nanoliter Hydrogel Array for High Throughput 3D Cell Screening,
Spheroid Sorting and Patterning

Disclaimer: This chapter, associated sections and images are published in [8§1] and have been
adopted for this thesis.

[81] Salarian M, Levkin P, Popova A. Nanoliter Hydrogel Array for Cell Screening and Cell
Spheroid Sorting. Advanced Materials Technologies. Dec 2024. DOI: 10.1002/admt.202401159

Some of the content has been rewritten for a better understanding of this thesis work.

2.3.1. Project idea and background

Cells in tissues and organs naturally exist within a 3D microenvironment, interacting dynamically
with the ECM and neighboring cells.®>® As a result, there has been a shift from traditional 2D cell
culture models to more advanced 3D models to better replicate in vivo conditions. %6157 |t was
also mentioned that 3D cell culture models are divided into two main categories: scaffold-based
methods and scaffold-free approaches. % Scaffold-based methods often involve using 3D

matrices, such as hydrogels, to incorporate and support cells.

Hydrogels are continuously evolving and have become the preferred choice for creating innovative

3D systems in areas like tissue engineering, organoid culture, and bioprinting. Furthermore,
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hydrogels have played an important role in overcoming the challenges of integrating 3D cultures
into high-throughput screening workflows, serving as supportive scaffolds for cells. In this project,
hydrogels have been combined as scaffolds for culturing cells with nanoliter array format on the
DMA platform.

Hydrogels are hydrophilic material composed of three-dimensional networks of crosslinked natural
or synthetic polymers. These networks allow hydrogels to absorb significant amounts of water and
expand while maintaining their structural stability. 5% They are often used as analogs of ECM and
sometimes are functionalized with ECM components to further mimic the native environment. 6%
181 The crosslinked structure of hydrogels resembles the fibrillar architecture found in biological
tissues, providing mechanical support similar to the natural ECM. %2 This support is essential for
cell adhesion, growth and the overall maintenance of cellular functions. %) As a result, hydrogels
closely replicate the functionality of the native ECM by surrounding and instructing cells. Because
of their structural and functional properties, hydrogels find applications in areas such as drug
delivery, @8 wound healing, ®® tissue engineering, 6% 167 disease modeling including cancer
(168) and high-throughput drug screening. ¢ In addition to supporting cell structures, 3D hydrogel
matrices can compartmentalize cells, making them useful for studying interactions between cancer
cells and other cell types, including immune cells ¢’ and stromal fibroblasts.*"» For example,
Huang et al. integrated hydrogels with incapsulated cells into microfluidic device for precise
control of cell culture microenvironment.*’? Ding et.al added cells from primary tissues to
Matrigel to generate high-throughput microfluidic-based droplet Micro-Organospheres with the

goal to facilitate drug screening and precision oncology treatment. 112

However, integrating 3D cultures into HTS workflows presents several challenges, particularly the
need for hydrogels to be compatible with automated liquid handling systems. % This difficulty
arises due to the high viscosity of hydrogel matrices like collagen or Matrigel, which can
complicate precise dispensing. In addition, the polymerization of such gels is highly sensitive to
environmental conditions, including temperature, therefore, requiring precise environmental
control during printing. The miniaturization of HTS workflows combined with hydrogel-like

matrices is even more challenging due to the small volumes. ¢
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DMA platform offers a solution for conducting miniaturized and high-throughput cell-based
assays. Culturing cells in liquid media on DMA slides is a well-established approach, but this
project focuses on introducing hydrogel-based cultures to the DMA system for HTS workflows for
the first time. The aim is to develop a stable array of nanoliter-volume hydrogels capable of
supporting cells or cell spheroids. These hydrogels should be efficiently and precisely dispensed
onto a DMA chip in an automated, high-throughput manner while maintaining stability on the chip
surface. Each hydrogel array should be capable of being cultured in its own medium droplet,
allowing compartmentalization for screening multiple conditions. Additionally, the potential for
incorporating cell spheroids into the hydrogel pads will be explored. This could enable various
protocols, such as long-term culture, spheroid sorting, and automated high-throughput imaging of
hydrogel arrays, without risking the loss of non-adherent cells or structures like spheroids or

organoids.

2.3.2. Protocol optimization

A DMA chip, featuring 672 square hydrophilic spots arranged in a 14 x 48 grid with each spot
measuring 1 mm x 1 mm, and a Dextran-PEG hydrogel system, was utilized throughout the project.
This specific hydrogel was selected for its slow gelling properties, which improve printability and
compatibility with automated liquid handling systems. Two methods were explored to incorporate
cells into nanoliter hydrogel pads on the DMA (Figure. 24A and B). In the first method, cells at the
desired density were pre-mixed with hydrogel precursors, and 150 nL of this mixture was dispensed

onto DMA spots using the non-contact liquid dispenser IDOT-One (Figure. 24A). In the second
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method, a droplet of liquid media containing either cell suspension or spheroids was gelated at a

chosen time point by adding hydrogel precursors directly to the droplet on the DMA (Figure. 21B).

A
Cells
+
Hydrogel precursors
B Droplet Microarray

Droplet containing cells

Automated dispensing
e 672 spots

e <1 min

Solidify

Nanoliter hydrogel array

Hydrogel precursors Hydrogel
Medium

Solidify

—

Nanoliter hydrogel array

Figure 24. Nanoliter hydrogel array on the DMA platform. A) Hydrogel precursors can be mixed with a

cell suspension and dispensed onto the 672 spots DMA slide using a liquid dispenser in less than 1 minute.

B) Hydrogel precursors can be dispensed onto cell-containing droplets on the DMA at any point during their

culture, leading to the gelation of the droplets.

Both approaches have been optimized and demonstrated fabrication of 672 hydrogel pads on a

single slide in less than 1 minute (Figure 25), achieving precise control over hydrogel volumes and

number of cells per gel (Figure 25).
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Figure 25. Homogeneity of hydrogels. A) A side view of the hydrogels formed on the DMA slide. B) A
side view of the hydrogels with medium dispensed on them. Scale bar: 1mm. C) Side and (D) top view of
hydrogel droplets of different volumes ranging from 100 to 300 nL formed on the DMA chip. Scale bar:
1mm. D) Microscope image of Jurkat human T lymphocyte cells stained with Calcein incorporated in
hydrogel pads. E) Microscope image of an array of hydrogel pads on a DMA slide, each with a
volume of 150 nanoliters; scale bar: 1 mm. F) Photo of a single hydrogel pad with a vertical

dimension of 195 um (standard deviation of 1.77); scale bar: 1 mm (right panel).

After optimizing the nanoliter hydrogel array dispensing process, this study expanded on previous
work that exclusively cultured and screened cells in liquid media on the DMA platform, as detailed
in earlier publications.™* 1) In this study, cell culture within hydrogel was further investigated

and compared to conventional cell culture in liquid media on a DMA chip. Jurkat human T
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lymphocyte cells were pre-mixed with hydrogel precursors, Dextran and PEG-link, and 150 nL of
this cell-containing mixture, averaging 300 cells per hydrophilic spot, was dispensed onto each
spot of the DMA slide. Following a 45-minute solidification, 150 nL of culture medium was added
to each hydrogel pad (Figure. 26).

Cells
+

Hydrogel precursors
Dispensing
Solidify Medium

Droplet Microarray Nanoliter hydrogel array Nanoliter hydrogel array
+ medium

Figure 26. Cell culture in nanoliter hydrogel array. Schematic representation of the workflow for creating
nanoliter hydrogel array containing cells. A suspension of cells was pre-mixed with hydrogel precursors
and the mixture was dispensed onto DMA spots in a volume of 150 nL. After the hydrogel solidified for 45

minutes in a cell culture incubator, 150 nL of culturing medium was dispensed on top of each hydrogel pad.

As the next step, the viability of cells cultured in hydrogels for four days without medium change
was measured. Every 24 hours, 50 nL of staining solution containing Hoechst 33342, Calcein-AM,
and PI was dispensed onto each hydrogel pad for staining. Cell viability was calculated by dividing
the number of live cells (Calcein positive) by the total number of cells (Calcein positive + Pl
positive). Cells cultured in hydrogel pads demonstrated viabilities of 94.6%, 93.5%, and 91.3% at
24, 48, and 72 hours of incubation, respectively, while those in liquid medium showed viabilities
of 98%, 90.7%, and 88.8% at the same time points. For both the liquid medium and hydrogel-based
droplets, cells maintained high viability within the first 72 hours of culture (Figure. 27B). A
decrease in cell viability was observed after a 96-hour culture period in both media, which is

expected due to the lack of medium change. Jurkat cells were cultured in both hydrogel pads and

-80-



Results and discussion

liquid medium on the same chip, following the previously described method. After dispensing, the

slide was placed in a humidity chamber and imaged using brightfield microscopy. Following

imaging, the slide was incubated in a standard cell culture incubator. Cells were imaged every 24

hours in both the hydrogel pads and liquid medium. As shown in Figure. 27C, cells proliferated the

same in both environments. These results suggest that the nanoliter hydrogel array can be used for

cell culture on the DMA platform, similarly to previously demonstrated liquid droplet arrays.
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Figure 27. Comparison of cell culture in nanoliter hydrogel array and in array of liquid droplets. A)

Representative fluorescence images of a 3 x 3 of nanoliter hydrogel (top panel) and liquid droplet (bottom
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panel) containing Jurkat cells, stained with Calcein-AM after 24, 48, 72 and 96 hours of culture. Scale bar:
1mm. B) Viability of cells cultured in hydrogels and liquid droplets for 24, 48, 72 and 96 hours. The data
are presented as scattered boxplots. The box represents the interquartile range (IQR, 25th—75th percentiles),
and the whiskers extend to 1.5 times the IQR. Each condition includes data from 84 replicates. C)
Proliferation of cells cultured in hydrogel pads and liquid medium droplets over 96 hours. The data are
normalized to the cell count at 0 hours and are presented as scattered boxplots with bar indicating the median

of 12 replicates per condition.

The stability of the hydrogels on the DMA slide was evaluated by dispensing hydrogel precursors
mixed with cells onto a DMA slide, following the previously described procedure (Figure. 24A).
Cells were then stained with Hoechst and Calcein-AM to enable visualization. The nanoliter
hydrogel array was then washed twice with PBS, and the integrity of the hydrogels on the DMA
chip was assessed by comparing the positions and number of cells before and after the washing
steps (Figure. 28B).

A B
Cells Hoechst
+ +
Hydrogel precursors \/ Calcein-AM
Solidify Staining
Droplet Microarray Nanoliter hydrogel array
E— R
Imaging Washing 2x Imaging

Figure 28. Validation of the stability of hydrogel pads on the DMA slide during washing procedure. A) A
photograph of the nanoliter hydrogel array immersed in culture medium. B) Schematics representation of
experimental workflow for validation of hydrogel intactness on the DMA slide. First, hydrogel array was
dispensed on the DMA chip, after the gelation the cells in hydrogels were stained and the hydrogel array
was imaged, then the whole array was immersed in PBS and washed twice, finally, the array was imaged

again to compare number and position of cells before and after the procedure.
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Figure 29A and B demonstrate an array of hydrogels and a close-up of a single hydrogel before
and after immersion in PBS, respectively. As shown in Figure 29C, the cell count within the same
hydrogels remained unchanged following the washing step. Additionally, it was demonstrated that
cell positions also remained stable after washing (Figure. 29D). These findings suggest that the
number and position of cells were unaffected by the washing procedure, indicating that the
hydrogels are stable on the hydrophilic spots of the DMA chip.
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Figure 29. Stable nanoliter hydrogel array. A) Microscope images of nanoliter hydrogel array before (upper
panel) and after (lower panel) the washing steps. B) Microscope image of a single hydrogel containing cells
before (upper panel) and after (lower panel) the washing steps. The scale bar: 200 um. C) Graph showing
the number of cells cultured in hydrogel on the DMA slide before and after immersion in PBS from 84
spots. D) A 2D model showing the positions of each cell within a hydrogel before (in green) and after (in

red) the washing procedure. The overlay image combines both sets of data, with yellow indicating regions
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where the positions of cells before and after washing completely overlap. This model is based on the
example of a single hydrogel.

2.3.3. Selective sorting of spheroids

In the next step, the possibility of gelation of liquid droplets on the DMA chip at any stage of an
experiment was demonstrated (Figure. 24B). For this, liquid media droplets containing 3D
spheroids were selected. The DMA platform's potential to create a single 3D cell spheroid per
droplet using the hanging drop method has been shown in several prior studies 42 176-178); however,
these studies exclusively used liquid medium, and this is the first application of hydrogel on the
DMA slide to encapsulate cell spheroids.

Before demonstrating the possibility of droplet gelation with spheroids, first the stability of
hydrogels on the DMA surface after coating hydrophilic spots with the anti-adherence solution
used in the protocol for single spheroid array formation was assessed (Figure. 30A). The stability
of hydrogels on the coated hydrophilic spots was successfully demonstrated by comparing the

number and positions of cells before and after washing steps (Figure. 30B and 30C).
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Figure 30. Stability of hydrogels on coated DMA spots. A) Schematics representation of the workflow for
checking if anti-adherence coating of hydrophilic spots influences the stability of hydrogels on the surface.
B) Microscope image of the array of 4 x 4 hydrogels containing cells stained with Hoechst on anti-adherence
coating before and after immersion in PBS. C) The 2D model of positions of each cell in hydrogel before

(in green) and after (in red) washing procedure, modeled on the example of a single hydrogel.

Next, to generate spheroids, MCF-7 cells were cultured on the DMA slide using a hanging drop
method for 48 hours allowing for the formation of a single 3D spheroid per liquid media droplet.
After 48 hours of incubation, hydrogel precursors were dispensed into each liquid droplet on the

DMA chip keeping the ratio necessary for the gelation (Figure. 31).
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Figure 31. Gelation of single spheroid array on the DMA slide. Schematic representation of the workflow
for the generation and subsequent gelation of single spheroid array. MCF-7 cells were dispensed into
hydrophilic spot coated with anti-adherence solution and cultured for 48 hours in inverted position.

Afterwards, the hydrogel precursors were dispensed into each droplet to gelate the liquid droplets.

To demonstrate the gelation of the droplets containing spheroids and showcase their stability on
the slide during washing procedures, the DMA slide containing spheroids in hydrogels was imaged
before and after immersion in PBS (Figure. 32B). We have shown that spheroids stayed at the same
positions after the washing (Figure. 32B), which was not the case for the spheroids in liquid
droplets, that were washed away after the immersion in the liquid (Figure. 32A). Therefore, we
have demonstrated the gelation and stability of hydrogels formed by dispensing of hydrogel
precursors in the droplets on DMA slide. In addition, the gelation of droplets and immersion of the
slide in PBS improved imaging by eliminating the edge reflection observed in images taken before
immersion in PBS (Figure. 32B). Edge effects can interfere with the analysis of the size and shape
of spheroids positioned near the edges of the spots. Eliminating edge reflection ensures that all

spheroids cultured on the chip can be analyzed.
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Figure 32. Gelation and stability of spheroids in hydrogels on DMA slide. The gelation and immersion of
the slide in PBS and comparison presence and positioning of single spheroids inside hydrogels before and
after the washing. A) and B) Microscope images of array of 4 x 7 liquid droplets (A) and hydrogels (B)

containing single spheroids before and after immersion in PBS. Scale bar: 1mm.

In the next step, the selective sorting of cell spheroids was demonstrated through the gelation of
spots of choice followed by the removal of content from the remaining spots on the DMA platform
(Figure. 33A). This method enables precise control over which spheroids are retained and which
are discarded, presenting significant implications for downstream applications. Initially, MCF-7
cells were used to create an array of cell spheroids on the DMA platform via the hanging drop
method. Following 48 hours of incubation, the cell spheroids were successfully formed. To
introduce selective differences, a staining solution containing Calcein-AM was applied to the
droplets containing the spheroids in a pattern that spelled ‘KIT’, representing the author's affiliation
(Figure. 33B). After a 30-minute incubation, hydrogel precursors were dispensed in the spots
containing the Calcein-positive spheroids. Following an hour of incubation, the DMA slide was
submerged in one well of a 4-well plate filled with PBS. The slide was then moved to another well
of the same plate filled with PBS and imaged (Figure. 33C), demonstrating that the spheroids
encapsulated in the hydrogel remained adhered to the DMA slide. The spots lacking Calcein-
positive spheroids remained in liquid droplets, allowing for the collection of spheroids from these
spots in the first well of the 4-well plate through a straightforward washing procedure. This
approach showcases the successful selective gelation of targeted spots and the retrieval of spheroids

of interest. The selective encapsulation of spheroids in hydrogel on the DMA platform is
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particularly advantageous for applications such as drug screening and the investigation of signaling
pathways. For instance, previous studies have used the DMA platform for high-throughput drug
screening, showcasing its ability to evaluate drug effects on spheroids.’® Additionally, the
propagation of Wnt signaling in spheroids was studied using this platform, further highlighting its
application in analyzing complex biological processes.*”” By leveraging the selective patterning
approach described here, it becomes feasible to isolate and analyze spheroids that respond to
specific treatments. For example, spheroids exposed to a particular drug could be selectively
encapsulated, facilitating targeted studies of signaling pathways within these spheroids and
enhancing the precision and efficiency of subsequent analyses.

Collected cell spheroids
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Figure 33. Sorting of cell spheroids. A) Schematics representation of the workflow for selective gelation of
droplets containing spheroids on the DMA slide. B) Microscope image of the array of 10 x 17 droplets
containing cell spheroids (upper panel), and close up of an array of 3 x 3 spots before gelation (lower panel).

C) Brightfield (upper panel) and fluorescent (lower panel) microscope image of the array of 10 x 17 spots
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on DMA showing cell spheroids encapsulated in hydrogel after the selective gelation and washing off

spheroids from not gelated droplets.

Next, the potential of using a gelation-degelation cycle for sorting spheroids encapsulated in
hydrogel pads was demonstrated (Figure. 34A). First, MCF-7 cell spheroids were generated across
the entire array of 672 spots on the DMA platform. For visualization purposes, the spheroids were
stained with Calcein-AM (Figure. 34B). Hydrogel precursors were then dispensed in a pattern of
two arrays of 7 x 7 spots (Figure. 34C). After gelation, the slide was washed with PBS, which led
to the removal of all spheroids located in liquid droplets, leaving the spheroids within the hydrogel
pads intact on the chip (Figure. 34C). Then, dextranase enzyme was applied to all hydrogel pads,
followed by a 45-minute incubation period. The DMA slide was then washed with PBS, resulting
in the removal of all spheroids from the surface, thus confirming the degelation of the hydrogels
containing the spheroids (Figure. 34D). This approach presents a promising method for the

controlled and selective fixation and sorting of cell spheroids on the DMA platform.

— —

Cell spheroids Dispensing Dextranase Cell spheroids in Washing Imaging
encapsulated in hydrogel digested hydrogel

Figure 34. Digestion of hydrogel. A) Schematics representation of the workflow for digestion of hydrogel
and returning the hydrogel pads to the liquid state. B) Fluorescent microscope image of the array of 22 x 14

droplets containing cell spheroids, stained with calcein. C) Fluorescent microscope image of 22 x 14 spots
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of DMA slide with cell spheroids encapsulated in hydrogel after immersion of the slide in PBS. D)
Fluorescent microscope image of DMA slide after digestion of the hydrogel-containing cell spheroids by

Dextranase, immersed in PBS. Scale bar: 4 mm.

2.3.4. Summary

The transition from 2D cell culture models to more physiologically relevant 3D models has
significantly advanced biomedical research, particularly in fields such as tissue engineering,
disease modeling, and high-throughput drug screening. Hydrogels are one of the most promising
tools for creating 3D cell cultures, which closely mimic the ECM. Despite their advantages,
integrating 3D cultures into HTS workflows presents challenges, including the need for precise
automation, compatibility with small volumes, and cost efficiency. The DMA platform, with its
array of nanoliter-volume hydrophilic spots, offers a solution by enabling miniaturization and
automation while reducing reagent consumption. Additionally, it allows for precise control over
spheroid size by adjusting the number of cells seeded, enabling the creation of uniform single
spheroid array. Unlike microtiter plates, where spheroids of varying sizes are distributed over a
large area, the DMA platform ensures that spheroids are fixed within a 1 mm x 1 mm spot which

simplifies the imaging and analysis.

This study aimed to develop a novel hydrogel-based 3D culture system on the DMA platform for
high-throughput screening. The primary goal was to create stable, nanoliter-volume hydrogel
arrays capable of supporting individual cells or cell spheroids. The system was designed to
facilitate automated workflows, including selective gelation, washing, and medium immersion, for

advanced applications in drug screening and precision medicine.

The project used a DMA chip containing 672 hydrophilic spots, each measuring 1 mm x 1 mm. A
Dextran-PEG hydrogel system was selected for its slow gelling properties and compatibility with
automated liquid handling. Two methods were developed to incorporate cells into the hydrogel

arrays:.

1. Pre-mixing Method: Cells were mixed with hydrogel precursors and dispensed onto the
DMA slide.
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2. On-chip Gelation Method: Cell suspensions or spheroids were dispensed as liquid droplets

and gelated by adding hydrogel precursors to the droplets.

Cell viability and hydrogel stability were assessed through imaging and staining procedures.
Additional experiments demonstrated selective gelation and a gelation-degelation cycle for

spheroid sorting and fixation.

672 hydrogel pads were dispensed on a single slide under one minute. Hydrogel arrays
demonstrated high structural integrity during washing and medium immersion, with no
displacement of cells or spheroids. Jurkat cells cultured in hydrogels maintained high viability for
up to 72 hours, comparable to cells cultured in liquid medium. The platform enabled the formation
and gelation of single spheroids in droplets, with spheroids retaining their position and integrity
during washing. The system allowed for selective gelation of target droplets, enabling the fixation
of desired spheroids while washing away others. A gelation-degelation cycle further demonstrated
the potential for advanced spheroid sorting.

This method allows for the rapid dispensing of hundreds of nanoliter-hydrogel droplets, with
volume and cell density controlled precisely, thereby reducing reagent consumption and providing
high-throughput applications. The stable nanoliter-hydrogel array on a chip allows experimental
procedures such as washing and medium immersion to be conducted. Spheroid-containing droplets
can be solidified at any point in the experiment, enabling the fixation of cell structures on the
surface. Additionally, selective gelation of individual droplets enables spheroid sorting by
stabilizing desired droplets while pooling others. This method can support high-throughput,
miniaturized workflows in 3D microenvironments, advancing research in various fields such as

cell, cell spheroid, or organoid screenings, drug screenings, and precision medicine.
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Ethics and tissue acquisition

This study was conducted in accordance with the University of Heidelberg Ethics Committee of
the Medical Faculty (Approval No: S-270/2001, title: Heidelberg Lung Biobank; Biomaterials and
data for biomedical research to improve diagnostics as a basis for individualized therapy for lung
diseases). All patients provided written informed consent prior to surgery, allowing the use of their
tissue samples for research purposes. The consent process included detailed information about the
study’s aims and potential risks. Patients were assured that their participation was voluntary, and

their identity would remain confidential.

Lung tumor tissues were obtained from patients diagnosed with NSCLC stage | to |11, undergoing
surgical resection at Thoraxklinik Heidelberg (University Hospital of Heidelberg, Germany).
Samples were collected within 24 hours post-surgery and immediately processed for research

purposes.

Cell culture

Patient-derived glioblastoma cell lines L0125 and L0512 were maintained in Neurocult Basal
Medium with proliferation supplements (Cat. # 05751, Stemcell Technologies, Canada), 20 ng/mL
EGF (Cat. # 78006.2, Stemcell Technologies, Canada), 20 ng/mL basic-FGF (Cat. # 78003.2,
Stemcell Technologies, Canada), 2 pg/mL Heparin (Cat. # 07980, Stemcell Technologies, Canada),
and 1% penicillin/streptomycin (Cat. # 15140-122, Gibco, Thermo Fisher Scientific, USA) at 37°C
in a 5% CO: atmosphere in T25 flasks. The cells were routinely splited once a week when reached
a cell density of 3 x 10¢ cells/mL. For splitting, the media containing cells was collected, and the
flask was washed with PBS (Cat. # 10010-023, Gibco, Thermo Fisher Scientific, USA). The cells
were centrifuged, resuspended in Accutase solution (Cat. # A6964, Merck, Germany), and
incubated at 37°C to aid detachment. Following a series of washing and centrifugation steps, the
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cells were resuspended in fresh media, counted, and replated at a density of 5 x 10° cells per T25

flask for further culture.

The Jurkat human T lymphocyte cell line was cultured in RPMI-1640 medium (Gibco, Life
Technologies, USA) with the addition of 10% heat-inactivated fetal bovine serum (FBS, Sigma-
Aldrich, USA) and 1% penicillin/streptomycin. The cells were maintained in T25 flasks at 37°C in
a 5% CO_ atmosphere and were routinely splited every 2—3 days once reaching a cell density of 3
x 108 cells/mL.

MCF-7 human breast cancer cells (kindly provided by Dr. Oliver Kassel’s research group, Institute
of Biological and Chemical Systems (IBCS), Karlsruhe Institute of Technology (KIT)) were
cultured in RPMI-1640 medium supplemented with 10% heat-inactivated FBS and 1%
penicillin/streptomycin. The cells were splited every 2—-3 days when they reached 80% confluency
and incubated at 37°C with 5% COx.

Tissue processing

Tissues were kept in DMEM medium until dissociation, which was performed within 24 hours
post-surgery. Manual single-cell suspensions were generated as follows: tissues were transferred
to a 10 cm Petri dish and cut into 1-2 mm pieces using sterile scalpels. The tissue pieces were then
transferred to a 50 mL Falcon tube and pipetted up and down multiple times until a homogeneous
suspension was achieved and then the suspension was centrifuged. Liberase DH (0.28 Units/mL,
Roche, Switzerland) in DMEM culture medium was added to the pellet and incubated for 2 hours
on an overhead rotator at 37°C. Cells were filtered using 100 um and subsequently 40 pum cell
strainers (Corning, USA) and centrifuged. The cells were then resuspended in PBS and loaded on
top of Histopaque (Sigma-Aldrich, USA), followed by centrifugation for 20 minutes at 1800 x g
without brake at room temperature. The separated cells were diluted with PBS and centrifuged

again.

For semi-automated tumor dissociation, the human Tumor Dissociation Kit (Miltenyi Biotec,
Germany) was used. The procedure followed the manufacturer's protocol using the gentleMACS™

Octo Dissociator with Heaters (Miltenyi Biotec, Germany). Tumor samples were minced with two
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scalpels into 2-4 mm fragments and placed into gentleMACS™ C Tubes (Miltenyi Biotec,
Germany) containing the enzyme mix and DMEM medium. These tubes were then placed onto the
gentleMACS™ Octo Dissociator with Heaters, and the '37C_h TDK 2' program was run. The cell
suspension was filtered through 100 pm and 40 um cell strainers, loaded on top of Histopaque, and
diluted with PBS as previously described. Cells were maintained in DMEM/Ham's F-12 without
Glutamine (Gibco, Thermo Fisher Scientific, USA) supplemented with Glutamax 100x (Gibco,
Thermo Fisher Scientific, USA), 1% penicillin/streptomycin, 3 pg/mL of Rock inhibitor, and
Airway Epithelial Cell Growth Medium Supplement Pack (Promocell, Germany): 0.004 mL/mL
of Bovine Pituitary Extract, 10 ng/mL of Epidermal Growth Factor, 5 pg/mL of Insulin, 0.5 pg/mL
of Hydrocortisone, 6.7 ng/mL of Triiodo-L-thyronine, and 10 pg/mL of Transferrin.

Printing cells on DMA

The DMA slides were purchased from Aquarray GmbH (Eggenstein-Leopoldshafen, Germany).
The DMA slide (Catalogue number G-np-102) with 672 hydrophilic spots (1 mm x 1 mm) was
used throughout the study. First, DMA slides were sterilized by immersion in 100% ethanol for 1
minute, followed by drying under a sterile bench for 20 min before use, according to the
manufacturer's instructions. The cell concentration was adjusted to achieve the desired final
number of cells in a 200 nL volume. Cells were seeded onto the DMA slides using an automated
non-contact liquid dispenser, I-DOT One (Dispendix GmbH, Germany), at a volume of 200 nL per
spot. The humidity during dispensing was adjusted to 70% using a humidifier connected to the
IDOT One. After dispensing, the DMA slide containing cells was immediately placed inside a
humidity-controlled Petri dish, also referred to as humidity chamber. This dish, a 10 cm Petri dish
filled with 2 mL of PBS and covered with a lid containing a humidifying pad, was then placed in
a standard cell culture incubator (37 °C and 5% CO3).

Creating cell spheroids on DMA

The DMA slides were immersed in 100% ethanol and dried in clean bench for 20 minutes. Anti-

adherence rinsing solution (STEMCELL Technologies Inc., Canada) was used to coat hydrophilic
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spots and to reduce cell adhesion on DMA spots. 50 nL of anti-adherence rinsing solution was
dispensed on each spot using I-DOT One dispenser. The DMA slides were then dried under clean
bench for 15 minutes before being used for cell culture. Then, 200 nL of cell suspension with
desired cell density was dispensed by I-DOT One dispenser on each spot under 70% humidity
condition. The slide was inverted immediately after dispensing and placed on a “Spheroid table”
(Catalogue number: AQP-0006, Aquarray GmbH, Germany) designed to enable the cultivation of
DMA slides upside-down, facilitating the formation of 3D cell spheroids using the hanging drop
method. The “spheroid table” with a slide on it was placed in a 10 cm Petri dish filled with 10 mL
of PBS and covered with lid containing humidifying pad and placed in the cell culture incubator.

Immunostaining and flow cytometry

Cells were washed with PBS to remove the culture medium. The cells were then fixed with 4%
paraformaldehyde (Thermo Fisher Scientific, USA) for 10 minutes at room temperature. All
samples were blocked with a Blocker BSA solution (Thermo Fisher Scientific, USA) for 1 hour at
room temperature. The samples were then incubated with the anti-EpCAM antibody (Santa Cruz
Biotechnology, USA) at a concentration of 1:200 in 1% BSA overnight at 4°C. The following day,
the samples were rinsed with PBS three times. For flow cytometry analysis, stained cells were
resuspended in PBS and analyzed using a Guava easyCyte System (Luminex Corporation, USA)
with GuavaSoft 4.5 software. Fluorescence compensation was applied to account for spectral
overlap, and analysis, including gating strategy, was performed using FlowJo (FlowJo, LLC, USA).

Quadrant gating was applied to identify EpCAM-positive and EpCAM-negative populations.

FDA Compounds Screening

The DMA slides were sterilized with 100% ethanol and dried under a clean bench for 20 minutes.
Different drugs were printed on each spot of the DMA slides in advance of dispensing the cells.
For each drug, 10 mM stock solutions were prepared in DMSO. A non-contact dispensing system
(sciFLEXARRAYER S11 liquid dispenser, SCIENION AG, Germany) was used to print 2 nL of
the drug solution in DMSO onto each spot. The CNS-Penetrant Compound Library (Catalog No.
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L4700) was purchased from Selleck Chemicals LLC, and the drugs were printed on the DMA slide
with a final drug concentration of 5 UM in droplets, in five replicates for each drug. For drug
sensitivity testing of patient-derived lung cancer cells, vinorelbine, pemetrexed, cisplatin,
carboplatin, cyclophosphamide, etoposide, topotecan, vincristine, docetaxel, paclitaxel,
gemcitabine, and adriamycin were printed on the DMA slide in five different concentrations, as
detailed in Table 2, with five replicates for each concentration. The outer rows were not used for
drug screening due to edge effects. Additionally, 2 nL of DMSO was printed on the DMA slide as
a control. The drug-printed DMA slides were dried in the dark at room temperature for 24 hours to
ensure the evaporation of the DMSO content from the spots. The pre-dispensed slides were then

stored in a dark box containing silica gel (Sigma-Aldrich Chemie, USA) before use.

Preparing hydrogel on DMA platform

Hydrogels were prepared using the 3-D Life Dextran-PEG Hydrogel SG Kit (#G92-1, Cellendes
GmbH, Germany), which includes PEG-Link, 10x CB pH 7.5, water and SG Dextran. The gel was
formed by combining 35.5 uL of water, 8 uL of 10x CB and 6.7 pL of SG-Polymer Dextran. Then,
40 pL of a cell suspension (2 x 10° cells/mL, corresponding to 300 cells per spot) was added, mixed
thoroughly, followed by the addition of 10 pL of PEG-link crosslinker, resulting in a total volume
of 100 pL. The mixture was immediately mixed by pipetting. The hydrogel was then dispensed
onto hydrophilic spots in a volume of 150 nL using the automated I-DOT One liquid dispenser
under a humidity setting of 70%. The DMA slide was incubated for 45 minutes in a cell culture
incubator inside a humidity chamber. After gel formation, 150 nL of complete RPMI-1640 medium
containing 10% FBS and 1% penicillin/streptomycin was dispensed on top of the hydrogel using
Certus FLEX liquid dispenser (Gyger Fluidics GmbH, Switzerland). Afterwards, the DMA slide
containing hydrogels covered with medium was placed into a 10 cm humidified Petri dish.
Alternatively, the DMA slide was placed in a sterile 4-well plate and the well was filled with

complete RPMI-1640 medium until the slide was fully immersed.

To digest the hydrogels, 19 nL of Dextranase enzyme (#D10-1, Cellendes GmbH, Germany) was

dispensed onto the hydrogel pads, followed by incubation for 45 minutes in a cell culture incubator.
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Formation of nanoliter hydrogel array containing 3D cell spheroids

Spheroids were first created by dispensing 200 nL of MCF-7 cell suspension at a concentration of
2.5 x 10° cells/mL, corresponding to 500 cells per spot, onto DMA spots pre-coated with Anti-
adherence rinsing solution using an automated dispenser. The slide was then inverted and placed
on a "spheroid table" to allow spheroid formation via the hanging drop method. This setup was
then placed in a humidity chamber to enable the cells to form uniform 3D spheroids within 48

hours.

After the single spheroid array was formed, hydrogels were formed by mixing 21.24 pyL of 10x CB
(pH 7.2), 17.8 pL of SG Dextran, and 26.56 pL of PEG-Link. The mixture was immediately
dispensed into the droplets containing cell spheroids to encapsulate them, and the slides were
incubated for 2 hours to solidify the hydrogels, creating a stable array of hydrogel containing the

cell spheroids.

Viability assay

For staining the cells with fluorescent dyes, 50 nL of PBS containing Hoechst 33342 (10 mg/mL,
Invitrogen™, USA), Calcein-AM (1 mg/mL, Invitrogen™, USA), and Propidium Iodide (1
mg/mL, Invitrogen™, USA) was dispensed onto the cells. The cells were incubated with the
staining solution for 30 minutes in a cell culture incubator, followed by fluorescent microscopy for

imaging.

For the cell viability assay using the Cell Counting Kit-8 (CCK-8) 500 T (Boster Biological
Technology, USA), 100 nL of the reagent was dispensed onto droplets containing the cell
spheroids. The samples were then incubated in a humidity chamber for 2 hours inside a cell culture
incubator at 37°C and 5% CO- to allow for the formation of formazan, a colorimetric indicator of
viable cells. After incubation, the entire slide was scanned using a standard document scanner
(Epson Perfection V600, Seiko Epson Corporation, Japan) to capture the intensity of the color

change, which correlates with cell viability. DMA spots containing only the medium and Kit-8

-98 -



Experimental part

reagent were used to measure background signal, which was then subtracted from the experimental

readings obtained from the cell samples.

Fluorescent microscopy

To perform microscopy, the DMA slide was placed in a 4-well plate with humidity pads and sealed
with parafilm to reduce evaporation during imaging. Cells were monitored and imaged using the
Keyence BZ-X810 microscope (Keyence, Japan) and an automated screening microscope, the
Leica 3D Thunder Imager (Leica Microsystems, Germany), for both brightfield and fluorescent
imaging. The images of the DMA slide containing hydrogel pads, representing the vertical
dimension, were captured using a Keyence VHX-7000 microscope (Keyence, Japan). The data
obtained from the microscopy was analyzed using ImageJ/Fiji software (National Institutes of
Health, USA).

Data Analysis

Image analysis for fluorescent images to estimate the number of cells per spot was performed using
the ImageJ/Fiji software. The images were first converted to 8-bit format, followed by manual
adjustment of the threshold. To separate individual cells, the "Watershed™ algorithm was applied.
The "Analyze Particles” function was then used to quantify the number of stained cells in each

spot. For automated processing of multiple images, the “Batch Macro” function was employed.

The color function in ImageJ was used to merge the red and green channels corresponding to

Calcein and PI-positive cells respectively.

The diameter of spheroids in the brightfield channel were analyzed using Grid Screener.4 The
DMA array was detected in the semi-automated mode by marking the right and left borders of the
top left, top right and bottom right spots of the figure. After identification of the grid, the evaluation
method was chosen. The diameter of spheroids was evaluated with ‘spheroid-analysis’ after

loading the respective image of the brightfield channel.
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Dose-response curves were generated using GraphPad Prism (GraphPad Software, LLC,
California, USA). Data were entered into an XY data table with five replicate response values for
each drug concentration. The drug concentrations (X values) were log-transformed prior to curve
fitting using the "Transform™ analysis feature in Prism. Nonlinear regression was performed using
the "log(agonist) vs. response -- Variable slope (four parameters)™ model under the "Dose-response

— Stimulation™ equation group.

IC50 values were determined by drawing a horizontal line at 50% viability on the dose-response
plot. The intersection of this line with the fitted curve was used to identify the corresponding drug
concentration on the log-transformed X-axis. This value was then antilog-transformed to calculate
the IC50 in terms of the original drug concentration. Error bars represent the standard deviation
derived from the five replicates at each drug concentration.

All calculations and visualizations were created using Origin 2020b (OriginLab Corporation, USA)
and GraphPad Prism.

Statistical Analysis

Data were analyzed using GraphPad Prism software. Error bars indicate standard deviation derived
from the five replicates at each drug concentration. Statistical significance was determined using
ordinary one-way ANOVA, with highly significant differences (****p < 0.0001, ***p < 0.001,
**p < 0.01) for comparisons between different groups, while “NS” indicates nonsignificant

statistical difference between the data groups.

Creation of Figures

Schematic figures and illustrations were created and designed using Biorender.com (Toronto,
Canada).
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Solid tumors, including lung cancer and gliomas, present major challenges in clinical practice due
to their heterogeneity, aggressive progression, and often limited treatment options. Lung cancer
remains the most common cause of cancer-related deaths globally, while glioblastomas, the most
aggressive glioma subtype, are known for their poor prognosis and resistance to conventional
therapies. These malignancies highlight an urgent need for innovative therapeutic strategies that
can address their complexity and improve patient outcomes.

Functional precision oncology aims to tackle this challenge by using DSRT to experimentally
assess the effect of various therapies on patient-derived tumor cells. This provides a more dynamic
and personalized approach to treatment selection. However, applying this approach to clinical
practice remains difficult due to challenges such as the limited number of cells available from
minimal biopsies obtained from solid tumors, the high cost of compounds and reagents used in
HTS workflows, and the considerable time needed to establish biological models and generate

actionable data.

In Chapter 2.1, this study introduced a miniaturized DSRT workflow for NSCLC using the DMA
slide. Unlike patient-derived organoids and PDX models, which can take weeks or months to
establish, this method allows for the direct testing of cancer cells isolated from biopsy samples
using a panel of drug candidates at various concentrations. The rapid workflow enables drug
sensitivity testing within a clinically relevant timeframe of less than a week, facilitating the
identification of the most effective therapies for each patient. This is particularly beneficial when

quick, personalized treatment decisions can significantly impact patient outcomes.

The ability to perform high-throughput drug sensitivity testing with as few as 300 cells per 200
nanoliter droplet represents a major advancement, particularly for patients with advanced or
metastatic lung cancer, where only small biopsy-derived samples are available. Traditional drug
sensitivity testing typically requires significantly larger cell numbers and reagent volumes, making

such approaches impractical for many patients. The DMA platform overcomes these limitations by
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reducing the scale of testing. Each 200 nanoliter droplet requires hundreds to thousands of time
fewer cells and reagents compared to traditional 96 and 384-well plates. This reduction not only
makes high-throughput screening feasible with minimal patient material, but it also significantly
lowers the cost of testing by conserving expensive reagents. Additionally, the miniaturized format
allows for the simultaneous testing of a larger panel of drug candidates and concentration gradients,

providing a comprehensive drug sensitivity profile in a single experiment.

The reliability of this approach was confirmed through experiments that tested the reproducibility
of drug sensitivity results. The viability and drug response data were highly similar for cell densities
of 300, 500, and 700 cells per droplet, demonstrating that testing with as few as 300 cells per droplet
produced consistent results. The platform was able to capture both inter- and intra-patient
variability in drug responses. For example, cells from different patients with the same cancer
subtype showed varying sensitivities to vinorelbine, with cell viability ranging from 33.8% to
58.5% at 1 uM. The study also explored intratumor heterogeneity by analyzing drug responses
from three distinct tumor regions, revealing differences in sensitivity to certain drugs, such as
carboplatin. Furthermore, the feasibility of using needle biopsy-derived samples was demonstrated,

expanding DSRT to patients who are not candidates for surgical tumor resection.

Thus, this work represents a significant step forward in the field of precision oncology. By
leveraging a miniaturized, high-throughput DSRT platform, it enables rapid, patient-specific drug
sensitivity testing using minimal cell input. This innovative approach holds great promise for
improving treatment outcomes in lung cancer and beyond, particularly for patients with limited

tissue samples, and sets the stage for more personalized cancer care.

In Chapter 2.2, high-throughput drug screening using CNS-penetrating drugs on glioblastoma
tumorsphere cell lines was performed. DAC pre-treatment was used to sensitize glioblastoma cells
to a library of blood-brain barrier-penetrating drugs. The use of DAC as a sensitizing agent is
beneficial because it reverses epigenetic changes and restores sensitivity to chemotherapy. High-
throughput drug screening was performed in two conditions: cells pretreated with DAC and cells
untreated with DAC, to investigate whether pretreatment with DAC sensitizes the cells to

treatment.
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The glioblastoma tumor sphere cell lines L0125 and L0512 used in this study are slow-growing,
but miniaturization of the assay using DMA slide reduced costs and increased throughput, making
it suitable for the slow-growing nature of glioma tumor spheres. Only 300 cells were required to
form uniform spheroids on the DMA slide, which could then grow on the chip for 72 hours. In this
study the results of screening with 533 drugs on L0125 and 356 drugs on L0512 cell line are
presented. The cells were tested in both DAC-pretreated and untreated conditions, allowing a direct
comparison of drug efficacy in the presence or absence of DAC-induced sensitization.

A dual readout system combining the Kit-8 assay for cell viability and fluorescent staining
(Calcein/P1) to assess live and dead cells provided a comprehensive evaluation of drug efficacy.
This approach enhanced the reliability and accuracy of the results, ensuring that the observed
effects were due to drug-induced toxicity rather than assay artifacts.

Several drugs showed greater therapeutic potential when combined with DAC. For example,
Obatoclax Mesylate and Trametinib demonstrated increased effectiveness when tested on DAC-
pretreated L0125 cells, while SNS-032 and AZD5438 showed enhanced efficacy on DAC-
pretreated L0512 cells compared to DAC-untreated cells, suggesting that DAC pretreatment
improved their activity. Vorinostat and Epoxomicin were effective on L0125 cells in both DAC-
pretreated and untreated conditions, while Epirubicin showed efficacy on L0512 cells under both
conditions. Flavopiridol and Givinostat demonstrated effectiveness on both cell lines. Next, a
method will be developed to quantify Kit-8 staining and PI signal intensities, providing insights
into whether DAC enhances the efficacy of these drugs. To validate the findings and generate dose-
response curves, eleven concentrations of each drug will be prepared. The cell lines will then be
tested at these concentrations under both DAC-pretreated and untreated conditions using 384-well

plates.

In Chapter 2.3, a stable array of nanoliter-volume hydrogels capable of supporting cells or cell
spheroids on DMA slide was introduced. The DMA platform was used to establish a homogeneous
nanoliter-volume array of hydrogels containing cells or spheroids in a fast, automated, and high-
throughput manner. Automated dispensing of hydrogels was successfully demonstrated, with 672
homogeneous hydrogels of 150 nL volume created in under a minute. This precise control over

volume and cell density highlights the platform's potential to advance high-throughput screening
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in 3D cell cultures. Two distinct methods were developed for integrating cells into hydrogel arrays:
pre-mixing cells with hydrogel precursors and on-chip gelation of cell-laden droplets. These
methods ensure flexibility, allowing researchers to tailor the workflow to specific experimental
needs. Miniaturization of the hydrogel array to 150 nL per spot results in a 2- to 3-order magnitude
reduction in reagent consumption compared to traditional microtiter plates. This reduction not only
conserves reagents but also lowers the cost of testing by requiring 10 to 100 times fewer cells per
experimental point, making it ideal for screening rare and limited cell samples, such as patient-

derived cells from solid tumor biopsies.

The stability of the nanoliter hydrogel array during washing steps has been demonstrated, allowing
the immobilization of cells or spheroids at precise locations on the DMA slide. This is not feasible
with liquid media droplets containing suspension cells or unattached spheroids. Additionally,
selective gelation of spheroids within nanoliter droplets enables on-chip spheroid sorting and

patterning.

This approach can be adaptable for miniaturized screening workflows in 3D microenvironments,
including assays for cell migration, invasion, spheroid sorting, and drug sensitivity testing in

functional precision oncology.

In conclusion, this study highlights the significant potential of miniaturized DSRT using the DMA
platform to advance functional precision oncology, particularly for solid tumors. By leveraging the
miniaturization and automation capabilities of the DMA, high-throughput drug sensitivity testing
can be performed with minimal cell input, making it a valuable tool for personalized cancer

treatment.
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Number Name Pathway M.w.

2 Selumetinib (AZD6244) MAPK 457.68

4 Dasatinib (BMS-354825) Angiogenesis 488.01

6 Imatinib (STI571) Mesylate Protein Tyrosine Kinase 589.71

8 Lenalidomide (CC-5013) Ubiquitin 259.26

10 Rapamycin (AY-22989) PI3K/Akt/mTOR 914.18

12 Vorinostat (SAHA) Epigenetics 264.30

14 Enzastaurin (LY317615) TGF-beta/Smad 515.61

16 Olaparib (AZD2281) DNA Damage/DNA Repair 434.46

18 Iniparib (BSI-201) DNA Damage/DNA Repair 292.03

20 0SU-03012 (AR-12) PI3K/Akt/mTOR 460.45

22 Ivacaftor (VX-770) Transmembrane Transporters 392.49

24 Roscovitine (CYC202) Cell Cycle 354.45

26 Ritonavir (ABT-538) Proteases 720.94

28 Thalidomide (K17) Ubiquitin 258.23

30 Melatonin (NSC 113928) GPCR & G Protein 232.28

32 Bendamustine (SDX105) HCI DNA Damage/DNA Repair 394.72

34 Flavopiridol (L86-8275) Cell Cycle 401.84

-115-



Appendix

36 Temozolomide (CCRG 81045) DNA Damage/DNA Repair 194.15

38 Vincristine (NSC-67574) sulfate Cytoskeletal Signaling 923.04

40 Latrepirdine 2HCI Neuronal Signaling 392.37

42 Nepafenac Neuronal Signaling 254.28

44 Ramelteon GPCR & G Protein 259.34

46 Asenapine maleate Neuronal Signaling 401.84

48 Dexamethasone (MK-125) Immunology & Inflammation 392.46

50 Etodolac Neuronal Signaling 287.35

52 Felbamate Neuronal Signaling 238.24

54 Fluoxetine (Lilly 110140) HCI Neuronal Signaling 345.79

56 Gatifloxacin DNA Damage/DNA Repair 375.39

58 Ivermectin (MK-933) Transmembrane Transporters 875.09

60 Lidocaine Neuronal Signaling 234.34

62 Patupilone (Epothilone B) Cytoskeletal Signaling 507.68

64 Mosapride Citrate Neuronal Signaling 614.02

66 Oxcarbazepine Transmembrane Transporters 252.27

68 Resveratrol (SRT501) Autophagy 228.24

70 Stavudine (d4T) Microbiology 224.21

72 Vecuronium Bromide Neuronal Signaling 637.73

74 Sumatriptan Succinate Neuronal Signaling 413.49

76 Topiramate Metabolism 339.36
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78 Voriconazole (UK-109496) Metabolism 349.31

80 Zonisamide Transmembrane Transporters 212.23

82 Neflamapimod (VX-745) MAPK 436.26

84 AEE788 (NVP-AEE788) Protein Tyrosine Kinase 440.58

86 Pralatrexate (NSC 754230) Metabolism 477.47

88 Pomalidomide (CC-4047) Ubiquitin 273.24

90 Candesartan (CV-11974) GPCR & G Protein 440.45

92 Pyridostigmine Bromide Neuronal Signaling 261.12

94 Prednisone (NSC-10023) Endocrinology & Hormones 358.43

96 Naproxen Sodium Neuronal Signaling 252.24

98 Amprenavir (VX-478) Proteases 505.63

100 Ketorolac Neuronal Signaling 255.27

102 Zolmitriptan Neuronal Signaling 287.36

104 Phenylbutazone Immunology & Inflammation 308.37

106 Flurbiprofen Immunology & Inflammation 244.26

108 Ipratropium Bromide Neuronal Signaling 412.37

110 Carbamazepine Transmembrane Transporters 236.27

112 Emtricitabine (BW 1592) Microbiology 247.25

114 Lamivudine (BCH-189) Microbiology 229.26

116 Glyburide (Glibenclamide) Transmembrane Transporters 494.00

118 Terbinafine Microbiology 291.43

120 Meloxicam Neuronal Signaling 351.40
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122 Prednisolone (NSC-9900) Endocrinology & Hormones 360.44

124 Nimodipine Transmembrane Transporters 418.44

126 Suprofen Neuronal Signaling 260.31

128 Rifampin (NSC-113926) DNA Damage/DNA Repair 822.94

130 Tetrabenazine (Xenazine) Neuronal Signaling 317.42

132 Acetylcholine Chloride Neuronal Signaling 181.66

134 Atracurium Besylate Neuronal Signaling 1243.48

136 Cimetidine Neuronal Signaling 252.34

138 Diethylstilbestrol Endocrinology & Hormones 268.35

140 Ganciclovir (BW 759) Microbiology 255.23

142 Hydroxyurea (NSC-32065) DNA Damage/DNA Repair 76.05

144 Vitamin B12 Metabolism 1355.37

146 Metronidazole DNA Damage/DNA Repair 171.15

148 Pregnenolone Endocrinology & Hormones 316.48

150 Haloperidol Neuronal Signaling 375.86

152 Levofloxacin DNA Damage/DNA Repair 361.37

154 Miconazole Nitrate Microbiology 479.14

156 Pranoprofen Neuronal Signaling 255.27

158 Tamoxifen (ICl 46474) Citrate Endocrinology & Hormones 563.64

160 Methscopolamine Neuronal Signaling 398.29

162 Sulindac Neuronal Signaling 356.41
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265.35

164 Mirtazapine Neuronal Signaling

166 Candesartan Cilexetil GPCR & G Protein 610.66

168 Dyclonine HCI Transmembrane Transporters 325.87

170 Cyproheptadine HCI Neuronal Signaling 323.86

172 Lovastatin (MK-803) Metabolism 404.54

174 Adiphenine HCI Neuronal Signaling 347.88

176 Rivastigmine Tartrate Neuronal Signaling 400.42

178 Almotriptan Malate Neuronal Signaling 469.55

180 Flunixin Meglumin Neuronal Signaling 491.46

182 Cisatracurium Besylate Neuronal Signaling 1243.48

184 Probucol Metabolism 516.84

186 Atropine sulfate monohydrate Neuronal Signaling 694.83

188 Bazedoxifene (TSE-424) acetate Endocrinology & Hormones 530.65

190 Irinotecan (CPT-11) HCI Trihydrate DNA Damage/DNA Repair 677.18

192 PF-3716556 Transmembrane Transporters 394.47

194 Cyclosporin A (NSC 290193) Immunology & Inflammation 1202.61

196 Honokiol (NSC 293100) PI3K/Akt/mTOR 266.33

198 Rutaecarpine Neuronal Signaling 287.32

200 Salicin Neuronal Signaling 286.28

202 Paeoniflorin (NSC 178886) Immunology & Inflammation 480.46

204 Amfebutamone (Bupropion) HCI Neuronal Signaling 276.20

206 Bethanechol chloride Neuronal Signaling 196.68
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208 Clozapine Neuronal Signaling 326.82

210 Domperidone Neuronal Signaling 425.91

212 Gallamine Triethiodide Neuronal Signaling 891.53

214 Pancuronium dibromide Neuronal Signaling 732.67

216 Scopolamine (LSM-4015) HBr Neuronal Signaling 384.26

218 Phenytoin Transmembrane Transporters 252.27

220 Clomipramine HCI Neuronal Signaling 351.31

222 Trospium chloride Neuronal Signaling 427.96

224 Rosiglitazone (BRL 49653) Metabolism 357.43

226 Prednisolone Acetate Endocrinology & Hormones 402.48

228 Zidovudine Microbiology 267.24

230 Acemetacin Neuronal Signaling 415.82

232 AZD5438 Cell Cycle 371.46

234 PNU-120596 Neuronal Signaling 311.72

236 NPS-2143 GPCR & G Protein 408.92

238 Trametinib (GSK1120212) MAPK 615.39

240 Flavopiridol (L86-8275) HCI Cell Cycle 43830

242 Nepicastat (SYN-117) HCI Metabolism 331.81

244 ZM 336372 MAPK 389.45

246 Alectinib (CH5424802) Protein Tyrosine Kinase 482.62

248 PF-5274857 Stem Cells & Wnt 436.96
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250 Laquinimod Immunology & Inflammation 356.80

252 Lonafarnib (SCH66336) Metabolism 638.82

254 SB269970 HCl Neuronal Signaling 388.95

256 SB 271046 hydrochloride Neuronal Signaling 488.45

258 Prucalopride Neuronal Signaling 367.87

260 SB742457 Neuronal Signaling 353.44

262 BAY 11-7082 NF-kB 207.25

264 Paroxetine HCI Neuronal Signaling 365.83

266 Pazopanib Protein Tyrosine Kinase 437.52

268 Niflumic acid Neuronal Signaling 282.22

270 Cabazitaxel (XRP6258) Cytoskeletal Signaling 835.93

272 Lamotrigine Transmembrane Transporters 256.09

274 Otilonium Bromide Neuronal Signaling 563.57

276 Diclofenac Diethylamine Neuronal Signaling 369.29

278 Dexamethasone Acetate Immunology & Inflammation 434.50

280 Milnacipran HCI Neuronal Signaling 282.81

282 Benztropine mesylate Neuronal Signaling 403.53

284 Atomoxetine HCI Neuronal Signaling 291.82

286 Amitriptyline HCI Neuronal Signaling 313.86

288 Azacyclonol Neuronal Signaling 267.37

290 Trifluoperazine 2HCI Neuronal Signaling 480.42

292 Tacrine hydrochloride hydrate Neuronal Signaling 198.26(free bases)
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294 Methacholine chloride Neuronal Signaling 195.69

296 Benactyzine hydrochloride Neuronal Signaling 363.88

298 Flibanserin Neuronal Signaling 390.40

300 Metaxalone Others 221.25

302 Picroside Il Immunology & Inflammation 512.46

304 Glabridin Metabolism 32437

306 Dehydroevodiamine Immunology & Inflammation 301.34

308 Dehydroevodiamine hydrochloride Neuronal Signaling 337.80

310 Galanthamine Neuronal Signaling 287.35

312 Jatrorrhizine Neuronal Signaling 338.38

314 Lycorine Neuronal Signaling 287.31

316 (-)-Epicatechin gallate Immunology & Inflammation 442.37

318 Valproic acid (VPA) Epigenetics 144.21

320 Higenamine hydrochloride Neuronal Signaling 307.77

322 (+)-Catechin hydrate Immunology & Inflammation 290.27

324 Hyoscyamine Neuronal Signaling 289.37

326 Probenecid Transmembrane Transporters 285.36

328 Homatropine Methylbromide Neuronal Signaling 370.28

330 Hydroxyzine 2HCI Neuronal Signaling 447.83

332 Diphemanil Methylsulfate Neuronal Signaling 389.51

334 Nabumetone Neuronal Signaling 228.29
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336 Escitalopram Oxalate Neuronal Signaling 414.43

338 Propranolol HCI GPCR & G Protein 295.80

340 Loxapine Succinate Neuronal Signaling 445.90

342 Desvenlafaxine Succinate hydrate Neuronal Signaling 399.48

344 Sodium Phenylbutyrate DNA Damage/DNA Repair 187.19

346 Pentoxyverine Citrate Neuronal Signaling 525.59

348 Chlorzoxazone Metabolism 169.57

350 Choline Chloride Neuronal Signaling 139.62

352 Mezlocillin Sodium Microbiology 561.56

354 Sasapyrine Immunology & Inflammation 258.23

356 Azaperone Neuronal Signaling 327.40

358 Oxaprozin Metabolism 293.32

360 Doxylamine Succinate Neuronal Signaling

362 Prucalopride Succinate Neuronal Signaling 485.96

364 Flopropione Neuronal Signaling 182.17

366 Buspirone HCI Neuronal Signaling 421.96

368 Vinorelbine ditartrate (KW-2307) Cytoskeletal Signaling 1079.11

370 Cyclobenzaprine HCI Neuronal Signaling 311.85

372 Diphenidol HCI Neuronal Signaling 345.91

374 Tacrine HCI Neuronal Signaling 234.72

376 Fosfomycin Tromethamine Others 259.19

378 Trimipramine Maleate Others 410.51
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380 Nitenpyram Neuronal Signaling 270.72

382 Acetazolamide Metabolism 222.25

384 Cefotaxime sodium Microbiology 477.45

386 Salicylic acid Neuronal Signaling 138.12

388 Clioquinol Microbiology 305.50

390 Dapson Microbiology 248.30

392 Methylbenactyzine Bromide Neuronal Signaling 422.36

394 (+/-)-Sulfinpyrazone Neuronal Signaling 404.48

396 Dantrolene sodium hemiheptahydrate Transmembrane Transporters 399.29

398 Sulpiride Neuronal Signaling 341.43

400 Glycopyrrolate Neuronal Signaling 398.33

402 Lidocaine hydrochloride Angiogenesis 270.80

404 Vitamin E Neuronal Signaling 430.71

406 Oxybenzone Others 228.24

408 Acetylcholine iodide Neuronal Signaling 273.11

410 MPTP hydrochloride Neuronal Signaling 209.72

412 Citalopram HBr Neuronal Signaling 405.30

414 Syringaldehyde Immunology & Inflammation 182.17

416 5-methoxyflavone DNA Damage/DNA Repair 252.26

418 Atenolol Neuronal Signaling 266.34

420 Acotiamide hydrochloride Neuronal Signaling 541.06
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422 Perospirone hydrochloride Neuronal Signaling 463.04

424 Nanofin Neuronal Signaling 113.20

426 Indometacin Sodium Immunology & Inflammation 433.82

428 Granisetron Neuronal Signaling 312.41

430 Pramipexole dihydrochloride Neuronal Signaling 284.25

432 Donepezil Neuronal Signaling 379.49

434 Pralidoxime lodide Neuronal Signaling 264.06

436 Naproxen Immunology & Inflammation 230.26

438 Abacavir (1592U89) Microbiology 286.33

440 Solifenacin (YM905) Neuronal Signaling 362.46

442 Cisapride (R 51619) Neuronal Signaling 465.95

444 1147 Neuronal Signaling 350.33

446 Propyphenazone (4-Isopropylantipyrine) Immunology & Inflammation 230.31

448 Erucic acid PI3K/Akt/mTOR 338.57

450 Nefazodone hydrochloride Neuronal Signaling 506.47

452 Propylparaben Microbiology 180.20

454 Carbaryl Neuronal Signaling 201.22

456 AS057278 Neuronal Signaling 126.11

458 Nafronyl oxalate salt Neuronal Signaling 473.56

460 Molindone hydrochloride Neuronal Signaling 312.83

462 Desipramine Hydrochloride Neuronal Signaling 302.84

464 Ethyl (triphenylphosphoranylidene) acetate Neuronal Signaling 348.37
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466 Tropisetron Neuronal Signaling 284.35

468 Thioridazine hydrochloride Neuronal Signaling 407.04

470 3-Carene Immunology & Inflammation 136.23

472 Venlafaxine Neuronal Signaling 277.40

474 Ketorolac tromethamine salt Immunology & Inflammation 376.40

476 Deracoxib Immunology & Inflammation 397.37

478 Abemaciclib (LY2835219) Cell Cycle 506.59

480 Quetiapine Neuronal Signaling 383.51

482 Chlorpromazine Neuronal Signaling 318.86

484 N-Acetylcysteine amide Immunology & Inflammation 162.21

486 Frovatriptan Succinate Neuronal Signaling 361.39

488 Vilazodone Neuronal Signaling 441.52

490 Scopolamine HBr trihydrate Neuronal Signaling 438.31

492 AK7 Epigenetics 437.35

494 Cyclopentolate Hydrochloride Neuronal Signaling 327.85

496 BQCA Metabolism 309.32

498 Diclofenac acid Immunology & Inflammation 296.15

500 5-Methoxytryptamine Neuronal Signaling 190.24

502 JNJ 63533054 GPCR & G Protein 316.78

504 Delavirdine mesylate Microbiology 552.67

506 Thonzylamine Neuronal Signaling 286.37
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508 Epoxomicin (BU-4061T) Proteases 554.72

510 TIC10 Analogue PI3K/Akt/mTOR 386.49

512 RG2833 (RGFP109) Epigenetics 339.43

S14 SH-4-54 JAK/STAT 610.59

516 K02288 TGF-beta/Smad 352.38

518 Sorafenib (BAY 43-9006) 464.82

520 Ribociclib (LEE011) Cell Cycle 43454

522 SB-334867 GPCR & G Protein 319.32

524 Liproxstatin-1 Metabolism 340.85

526 BLZ945 Protein Tyrosine Kinase 398.48

528 VER155008 Cytoskeletal Signaling 556.40

530 Erlotinib (OSI-774) Protein Tyrosine Kinase 393.44

532 GNE-317 PI3K/Akt/mTOR 414.48

534 SC79 PI3K/Akt/mTOR 364.78

536 BMS202 (PD-1/PD-L1 inhibitor 2) Immunology & Inflammation 419.52

538 0Ozanimod (RPC1063) GPCR & G Protein 404.46

540 TIC10 (ONC201) PI3K/Akt/mTOR 386.49

542 SKF96365 Transmembrane Transporters 402.91

544 Necrostatin-1 Apoptosis 259.33

546 Pimavanserin tartrate GPCR & G Protein 1005.20

548 Lanabecestat (AZD3293) Neuronal Signaling 412.53

550 SB366791 Transmembrane Transporters 287.74
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552 SKL2001 Stem Cells & Wnt 286.29

554 APS-2-79 HCl MAPK 423.89

556 Erdafitinib (JNJ-42756493) Angiogenesis 446.54

558 NS-398 (NS398) Neuronal Signaling 314.36

560 ZINC00881524 (ROCK inhibitor) Cell Cycle 380.46

562 TAK-063 Metabolism 428.42

564 Pamiparib (BGB-290) DNA Damage/DNA Repair 298.31

566 NGP 555 Proteases 406.52

568 Chk2 Inhibitor Il (BML-277) Cell Cycle 363.80

570 AS1517499 JAK/STAT 397.86

572 AZ32 DNA Damage/DNA Repair 328.37

574 ABX-1431 Metabolism 507.39

576 Salvianolic acid A Immunology & Inflammation 494.45

578 Jatrorrhizine chloride Neuronal Signaling 373.83

580 Beta-Asarone Others 208.25

582 Chelidonine Neuronal Signaling 353.37

584 Catharanthine hemitartrate Neuronal Signaling 822.94

586 Huperzine B Neuronal Signaling 256.34

588 Isocorynoxeine Neuronal Signaling 382.45

590 Corydaline Neuronal Signaling 369.45

592 Nodakenin Neuronal Signaling 408.40
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594 N-Benzoyl-(2R,3S)-3-phenylisoserine Others 285.29

596 Mecamylamine Hydrochloride Neuronal Signaling 203.75

598 Protriptyline hydrochloride Neuronal Signaling 299.84

600 Ensartinib (X-396) dihydrochloride Angiogenesis 634.36

602 PLX5622 Protein Tyrosine Kinase 395.41

604 Picfeltarraenin 1A Neuronal Signaling 762.92

606 Lerisetron Neuronal Signaling 292.38

608 Ebselen Microbiology 274.18

610 10X4 Angiogenesis 328.33

612 Lvguidingan Neuronal Signaling 272.17

614 Pirenperone Neuronal Signaling 393.45

616 1-Phenylbiguanide Neuronal Signaling 177.21

618 VU0238429 Neuronal Signaling 351.28

620 ML-297 Transmembrane Transporters 328.32

622 Mavacoxib Immunology & Inflammation 385.34

624 TFAP Immunology & Inflammation 281.23

626 TG4-155 GPCR & G Protein 394.46

628 PQR620 PI3K/Akt/mTOR 445.47

630 YF-2 Epigenetics 430.85

632 Raphinl acetate Metabolism 291.13

634 Picfeltarraenin IB Neuronal Signaling 792.95

636 Myrislignan Immunology & Inflammation 374.43
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638 Caulophylline (N-Methylcytisine) Neuronal Signaling 204.27

640 NE 52-QQ57 GPCR & G Protein 416.52

642 Capric acid Neuronal Signaling 172.26

644 UNC2025 Protein Tyrosine Kinase 476.66

646 PF-04995274 Neuronal Signaling 432.51

648 FPL 62064 Metabolism 265.31

650 VU0238441 Neuronal Signaling 339.70

652 PZ-2891 Metabolism 349.43

654 Myosmine Neuronal Signaling 146.19

656 Prim-o-glucosylcimifugin Immunology & Inflammation 468.45

658 Polygalacic acid Proteases 504.70

660 Pemetrexed (LY-231514) disodium Metabolism 471.37

662 Granisetron HCI Neuronal Signaling 348.87

352.47

664 Ibuprofen Lysine Neuronal Signaling

666 Cytarabine (U-19920A) DNA Damage/DNA Repair 243.22

668 Tranexamic Acid Others 157.21

670 D-Cycloserine Microbiology 102.09

672 Donepezil HCI Neuronal Signaling 416.00

674 Streptomycin sulfate Microbiology 1457.38

676 Palonosetron HCI Neuronal Signaling 332.87

678 Ceftazidime Microbiology 546.58
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680 Acamprosate Calcium Transmembrane Transporters

682 Dexamethasone Sodium Phosphate Immunology & Inflammation

684 Succinylcholine Chloride Dihydrate Neuronal Signaling

686 Pralidoxime chloride Neuronal Signaling

688 Choline bitartrate Neuronal Signaling 253.25

690 Choline Glycerophosphate Others 257.22

692 Methotrexate disodium Metabolism 498.40

694 L-Alanine Others 89.09

696 Pemetrexed Disodium Hydrate Metabolism 516.42

698 Fosphenytoin (disodium) Others 406.24

700 Tandutinib (MLN518) Angiogenesis 562.70

702 Cefoselis Sulfate Microbiology 620.64

704 Risperidone Neuronal Signaling 410.48

706 Paliperidone Neuronal Signaling 426.48

708 Lornoxicam Neuronal Signaling 371.82

710 Ketanserin Neuronal Signaling 395.43

712 Itraconazole (R 51211) Stem Cells & Wnt 705.65

714 NU7026 DNA Damage/DNA Repair 28131

716 Nuciferine Neuronal Signaling 295.38

718 Alectinib (CH5424802) hydrochloride Protein Tyrosine Kinase 519.08

720 Stylopine Immunology & Inflammation 323.34

722 Alosetron Hydrochloride Neuronal Signaling 330.81
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Table 5. List of 722 CNS-penetrant compound library. Drugs numbered 1 to 658 were dissolved in DMSO
at a concentration of 10 mM. Drugs numbered 659 to 698 were dissolved in water at a concentration of 10
mM. Drugs numbered 699 to 720 were dissolved in DMSO at a concentration of 2 mM, while drugs 721
and 722 were dissolved in water at a concentration of 2 mM. The targeted pathway for each drug and its
molecular weight are also listed.
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