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Abstract

Cancer is responsible for million of deaths in every population across all
continents. Extensive research is conducted to fundamentally understand
the disease; specifically, the formation and progression of tumours and
their surrounding environment. The highly heterogeneous cell popula-
tion in the tumour microenvironment consists of a vast array of different
cells. Particularly, the body’s own immune cells are a significant portion
of the tumour microenvironment and interact with their surrounding by
secretion of various stimuli. They play a crucial role in the development
of the tumour and have the potential to alter the course of the disease.
A key classification parameter of anti- or pro-tumoural cells is their secre-
tion profile. However, the detection and quantification of secreted proteins
from single cells is still challenging. Specifically, thousands of single cells
need to be analysed to obtain significant findings which necessitates high
throughput.

Microfluidic devices are well suited to overcome these challenges.
Their small geometries are on the same length scale as mammalian cells
and are perfectly suited to control and handle cell suspensions. The lam-
inar flow in micro-scaled channels can be utilized to capture and isolate
single cells. The secreted proteins are concentrated in the small volumes
increasing the sensitivity of commonly applied detection and quantifica-
tion assays. This thesis exploits microfluidic systems to tackle the chal-
lenges for single-cell protein secretion analysis and presents two microflu-
idic platforms.

The first device developed in this thesis is capable of measuring the
secreted proteins of up to 1084 single cells. The cells are captured with
hydrodynamic traps and isolated with pneumatically activated donut-
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Abstract

shaped valves. The cells are co-captured with magnetic beads embedded
with a fluorescent barcode enabling multiplexed secretion measurements.
As a proof of concept, the versatile platform was used to characterize
different macrophage polarization states based on their secretion profile.
The profile of pro- and anti-inflammatory macrophages were compared
to macrophages stimulated with cancerous cell supernatant. The findings
help to understand the impact of the tumour microenvironment on the
immune cells in it.

The second device increased the throughput of analysed cells from 103

to 105 by two orders of magnitude while reducing the complexity of the
system drastically. Instead of the actively controlled valves to isolate sin-
gle cells, a two-phase system in combination with a microwell array was
developed. The open system is operated by only using standard labora-
tory equipment resulting in an easy-to-use system. With the developed
device, the impact of different stimuli on the secretion profile of native
macrophages was investigated. Additionally, the impact of anti-cancer
drugs on the macrophages was examined and compared to pro- and anti-
inflammatory stimuli.

Recently, it became apparent that the cellular heterogeneity is a crucial
factor in characterization of populations, disease development, and funda-
mental research. Specifically for the realization of personalized medicine,
it is crucial to develop easy-to-use devices which can be applied in stan-
dard laboratories. The final platform presented in this thesis is a step
towards adaptable and easily operatable microfluidic devices.
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Kurzfassung

Krebs ist in jeder Bevölkerungsschicht und auf allen Kontinenten für
Millionen von Todesfällen verantwortlich. Es werden umfangreiche For-
schungsarbeiten durchgeführt, um die Krankheit grundlegend zu ver-
stehen, insbesondere bezüglich der Entstehung und des Fortschreitens
von Tumoren und ihrer Umgebung. Eine der Herausforderungen ist die
äußerst heterogene Zellpopulation in der Mikroumgebung des Tumors,
die aus einer Vielzahl unterschiedlicher Zelltypen besteht. Vor allem die
körpereigenen Immunzellen sind ein bedeutender Teil der Mikroumge-
bung und interagieren mit ihrer Umgebung, indem sie verschiedene Reize
absondern. Sie spielen eine entscheidende Rolle bei der Entwicklung des
Tumors und haben das Potenzial, den Krankheitsverlauf zu verändern.
Ein wichtiger Parameter zur Klassifizierung von anti- und protumorösen
Zellen ist ihr Sekretionsprofil. Der Nachweis und die Quantifizierung von
sekretierten Proteinen aus einzelnen Zellen ist jedoch nach wie vor eine
Herausforderung. Insbesondere müssen tausende einzelner Zellen analy-
siert werden, um aussagekräftige Ergebnisse zu erhalten, was einen hohen
Durchsatz voraussetzt.

Mikrofluidische Geräte sind gut geeignet, um diese Herausforderun-
gen zu meistern. Ihre kleinen Geometrien liegen auf der gleichen Längen-
skala wie Säugetierzellen und eignen sich für die Kontrolle und Hand-
habung von Zellsuspensionen. Die laminare Strömung in solch kleinen
Kanälen kann genutzt werden, um einzelne Zellen einzufangen und zu
isolieren. Die sekretierten Proteine sind in den kleinen Volumina hoch-
konzentriert, was die Empfindlichkeit der üblicherweise verwendeten
Nachweis- und Quantifizierungstests erhöht. In dieser Arbeit werden mi-
krofluidische Systeme genutzt, um die Herausforderungen bei der Mes-
sung der Einzelzellproteinsekretion zu bewältigen und zwei mikrofluidi-
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Kurzfassung

sche Plattformen vorgestellt.

Das erste in dieser Arbeit entwickelte Gerät ist in der Lage, die se-
kretierten Proteine von bis zu 1084 Einzelzellen zu messen. Die Zellen
werden mit hydrodynamischen Fallen eingefangen und mit pneumatisch
aktivierten, Donut-förmigen Ventilen isoliert. Die Zellen werden mit ma-
gnetischen Kügelchen eingefangen, die mit einem fluoreszierenden Bar-
code versehen sind, was Multiplexmessungen der Sekretion ermöglicht.
Zur Erprobung des Konzepts wurde die vielseitige Plattform zur Charak-
terisierung von Makrophagen anhand ihres Sekretionsprofils eingesetzt.
Das Profil von pro- und antiinflammatorischen Makrophagen wurde mit
Makrophagen verglichen, die mit dem Überstand von Krebszellen stimu-
liert wurden. Die Ergebnisse helfen, die Auswirkungen der Mikroumge-
bung des Tumors auf die darin befindlichen Immunzellen zu verstehen.

Mit dem zweiten Gerät konnte die Anzahl der analysierten Zellen von
103 auf 105 um zwei Größenordnungen erhöht und gleichzeitig die Kom-
plexität des Systems drastisch reduziert werden. Anstelle der aktiv ge-
steuerten Ventile zur Isolierung einzelner Zellen wurde ein Zwei-Phasen-
System in Kombination mit einem Mikrotiterplatten-Array entwickelt.
Das offene System wird nur mit Standard-Laborausrüstung betrieben, was
zu einem einfach zu bedienenden System führt. Mit dem entwickelten
Gerät wurde der Einfluss verschiedener Stimuli auf das Sekretionspro-
fil nativer Makrophagen untersucht. Außerdem wurde die Wirkung von
Krebsmedikamenten auf die Makrophagen untersucht und mit normalen
Stimuli verglichen.

Kürzlich wurde deutlich, dass die zelluläre Heterogenität ein entschei-
dender Faktor bei der Charakterisierung von Populationen, der Krank-
heitsentwicklung und in der Grundlagenforschung ist. Insbesondere für
die Verwirklichung der personalisierten Medizin ist es von entscheidender
Bedeutung, einfach zu bedienende Geräte zu entwickeln, die in Standard-
labors eingesetzt werden können. Die in dieser Arbeit vorgestellte Platt-
form ist ein Schritt in Richtung anpassungsfähiger und leicht bedienbarer
mikrofluidischer Geräte.
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Chapter 1

Introduction

1.1 Tumours and the tumour microenvironment

Cancer is a widespread disease with approximately 19 million new cases
every year worldwide [1]. There are 97 classified cancer types which are
responsible for nearly 10 million deaths every year. The cumulative prob-
ability to get cancer between the age of 0-74 is worldwide around 20% and
can go as high as 40% in certain countries. Over the years, treatments for
varies types of cancer were developed and successfully implemented [2–
4]. However, due to the diversity of cancer types and heterogeneity of
cancer, the need for more and better treatments remains high.

Cancer is caused by a genomic instability in single or multiple cells
leading to uncontrolled cell growth. Usually, genetic mutations lead to a
disruption of the cell life cycle, resulting in uninhibited cell proliferation.
Initially, the dysfunctional cell clusters, also known as benign tumours,
are contained, and do not invade neighbouring tissues. However, many
benign tumours have the potential the transform into a malignant tumour
that extravasates into neighbouring tissues and metastasize in the body.
This process is called tumour progression and is strongly impacted by
the biochemical environment of the tumour [5, 6]. A key challenge is the
understanding of the complex interplay between this heterogeneous cell
population of cancer cells, immune cells, and its surrounding tissue [7, 8].

1.1.1 The tumour microenvironment (TME)

The long-established view that a tumour consists exclusively of cancer
cells is replaced by a more comprehensive understanding of cancerous
cells and their surround environment (Fig. 1.1). These cells and tissues
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1. Introduction

inside and around the tumour are known as the tumour microenviron-
ment (TME) [5, 9]. The cancerous cells interact with surrounding cells and
tissue transforming a stable and healthy environment in a tumour sup-
porting surrounding. The secretion of chemokines such as MCP-1 or IL-8
by the tumour cells lead to the recruitment of additional cells resulting in
an increase of immunosuppressive cells inside the TME [10, 11]. Secreted
cytokines such as VEGF and IL-6 upregulate angiogenesis resulting in
formation of new vasculature in the TME [12]. This interplay between
signaling proteins such as chemokines and cytokines from numerous cells
and cell types results in a highly complex environment.

Figure 1.1: The TME consists of a vast variety of different cell types. Tumours recruit and
adapt host body cells including immune cells, stromal cell, and blood and lymphatic vessels.
Reprinted from Junttila et al. [8].

Immune cells residing in the TME have a crucial impact on the devel-
opment of tumour progression [13, 14]. The immune cells in the TME
are known to have an ambivalent role in the progression of the tumour.
They are recruited and can be altered by the TME to exhibit immuno-
suppressing properties leading to a pro-tumoural environment [14, 15].
However, depending on the complex cytokine and chemokine profile in
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the TME, immune cells can exhibit anti-tumoural properties supressing
tumour growth. The countless different cell types and phenotypes inside
the TME result in a heterogeneous population. Therefore, to fundamen-
tally understand the complex TME, it is crucial to investigate the secretion
profile of cells at the single-cell level [8, 13, 16].

1.1.2 Macrophages

Macrophages are part of the innate immune system responding to
pathogens in the body. Macrophages can be found in all tissues in the
body and are the main initiator for inflammatory and anti-inflammatory
responses [17]. With the secretion of cytokines and chemokines they can
activate the immune response of surrounding cells. However, the highly
plastic cells can change their phenotype according to external stimuli such
as cytokines, chemokines, or extracellular vesicles [18, 19]. This change in
phenotype is also known as polarization or activation of the macrophages.
They can be characterized mainly in two extreme polarization states: pro-
inflammatory macrophages also known as M1 macrophages and anti-
inflammatory macrophage also known as M2 or alternatively activated
macrophages. Even though most of the publications only reference the ex-
treme polarization states of macrophages, it was shown that macrophage
polarization is more a spectrum between the two extreme variants [17,
20]. The extreme M1 macrophages are polarized with lipopolysaccharide
(LPS) and interferon γ (INF-γ) simulating an infection and are associated
with anti-tumoural properties. In contrast, the anti-inflammatory M2 phe-
notype is stimulated with a combination of interleukin 4 (IL-4) and IL-13,
and it is generally accepted that they exhibit immunosuppressing proper-
ties.

Tumour associated macrophages (TAM)

The macrophages residing in the TME are referred to as tumour associated
macrophages (TAM). They are one of the most abundant immune cells in
the TME [21]. The highly plastic macrophages are designed to respond to
different cues and stimuli and, therefore, are impacted by the cytokines
secreted in the TME [22, 23]. Depending on protein profiles within the
TME, they can adopt phenotypes supporting tumour growth or, in con-
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trast, show tumour supressing properties. TAMs exhibiting anti-tumoural
properties are comparable to the M1 phenotype. They inhibit tumour
growth and progression by secreting cytokines such as tumor necrosis fac-
tor α (TNF-α) and interferon gamma-induced protein 10 (IP-10) [21]. On
the contrary, most TAMs exhibit pro-tumoural properties and are compa-
rable to the M2 phenotype. They secrete cytokines and chemokines such
as IL-10 and macrophage inflammatory protein 4 (MIP-4), thereby, pro-
moting tumour growth [21]. However, many contradicting studies on the
positive or negative impact of cytokines such as IL-1β or IL-10 show that
the complex interplay of different cytokines and chemokines inside the
TME is not yet fully understood [12].

A high number of TAMs in the TME are generally correlated with a
poor patient survival prognostic [21]. The TAMs are responsible for a high
immunosuppressing property and help the cancer to evade drug treat-
ment [24, 25]. Therefore, novel cancer treatments are targeting the anti-
inflammatory macrophages (M2) to improve patients’ survival rate [25].
This is accomplished by preventing the recruitment of monocytes into the
TME resulting in reduced numbers of M2 like TAMs [16]. A different ap-
proach is focused on reprogramming the M2-like TAMs towards the more
anti-tumoural phenotype M1 [26]. Anti-cancer drugs such as paclitaxel
and docetaxel impact the phenotype of macrophages and are of interest
for combinatorial treatments [26]. Even though extensive research was
conducted on TAMs in the TME, their role and especially the interaction
with the TME remains largely unsolved and is in need for further inves-
tigations. The heterogeneous cell population within the TME requires the
development of new technologies for single-cell analysis.

1.2 Immune assays for protein quantification

Proteins are essential for all living organism governing functions from
proliferation over differentiation to cell-to-cell signaling. They are highly
specialized macromolecules comprised out of thousands of amino acids
designed to interact with other molecules or proteins. The complex inter-
play between proteins results in specific cellular phenotypes and control
the cellular response to external stimuli. A slight alteration in protein con-
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centrations can lead to diseases or dysfunctional cells. The sheer number
of proteins in mammalian cells reach numbers as high as 109 and contain
up to 104 different kinds of proteins [27]. Therefore, it is challenging but
critical to be able to measure the protein concentrations with high sensi-
tivity, selectivity, and specificity in a suspension [28]. There are different
methods to quantify the protein concentration in a suspension [29, 30],
but the method used in this thesis relies on the affinity binding between
antibody and antigen and is described in more detail.

1.2.1 Antibody-antigen interactions

Antibodies are a specific type of proteins primarily known for their func-
tionality in the immune system. They are employed to detect and identify
pathogens with high selectivity and specificity. Antibodies, also known
as immunoglobulins, exists in five configurations with immunoglobulin
G (IgG) as the most prominent in bioanalytical applications [28]. The anti-
gen binding site of an antibody is located on the ends of the Y-shaped
proteins and is highly specific to certain antigens [31]. Depending on the
antibody, an antigen can be fragment of a pathogen such as a virus or bac-
teria, but also a molecular sequence of a protein. The development of the
in vitro production of antibodies binding to specific antigen enables the
use of antibody-antigen interaction for the quantification of targeted pro-
teins [28]. Several methods were developed to evaluate the concentration
of proteins after binding to an antibody.

1.2.2 Sandwich immunoassay

In a sandwich immunoassay, proteins are sandwiched between two anti-
bodies ideally binding to two different antigen sides of the protein [28].
The readout of the assay can rely on many diffrent methods such as an
enzyme reaction, polymere chain reaction, radiometry, or fluorescence.

Briefly, the primary antibodies are bound mostly to a flat and defined
surface such as the bottom of a microtiter plate well. During the incu-
bation period with the protein solution to probe, proteins are binding to
the stationary primary antibody. The second antibody and readout flu-
orophore are introduced into the system after thorough washing of the
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surface with the primary antibodies. Depending on the concentration of
the protein in the investigated solution, a specific number of proteins are
bound to the primary antibodies resulting in specific number of target
antigens for the secondary antibody and the fluorophore. Characteriza-
tion measurements directly link the intensity signal of the fluorophore to
a known amount of proteins bound to the immune sandwich complex.

The enzyme-linked immunosorbent assay (ELISA) is a common assay
used in biological laboratories and medical facilities. There are many vari-
ations of ELISA assays, but the core principle relies on an enzyme which
is linked to an antibody [32–34]. If the target protein (antigen) is present
in the solution, the enzyme catalyses a reagent which leads to a readout
proportional to the amount of protein in the solution. The readout can
be a colorimetric assay, but also fluorescence-based readouts were used to
allow measuring of multiple proteins at the same time.

A special variant of an sandwich immunoassay is a relocation-based
immunoassay [35]. At the start of the experiment, all reagents, namely sec-
ondary antibody and labelling fluorophore, are introduced into the system
at the same time. If proteins are present in the solution or secreted during
the incubation time, the secondary antibody and the readout fluorophore
accumulate at the location of the primary antibody. This relocation of the
readout fluorophore can be characterized resulting in a precise quantifica-
tion of the protein concentration. The dynamic readout of this method is
its greatest advantage; however, the increased background signal reduces
the sensitivity, and, at higher concentrations, the Hook effect is detrimen-
tal for a precise readout [36].

1.2.3 Multiplexing with barcoded beads

Bead-based sandwich immunoassays are a subgroup of sandwich im-
munoassays [37]. The primary antibody is integrated in or bound on the
surface of the bead. Multiple beads are used to establish the concentra-
tion of proteins in a solution and the average fluorescence signal of all
beads is used to determine the protein concentration. Some manufactur-
ers include iron oxide particles inside the polystyrene beads during the
fabrication process resulting in magnetic beads [38]. This facilitates the
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washing between the different assay steps and prevents the loss of beads.

During the fabrication, different fluorophores can be integrated into the
bead resulting in a precise fluorescence signal of the bead. A combination
of different signal strengths with different fluorophores can be used as a
unique identifier for a bead type. This can be used to imprint a barcode to
each bead type which identifies each bead from a population. Luminex®, a
well-known manufacturing company of barcoded beads, fabricates beads
with 100 different barcodes with only two fluorophores (Fig. 1.2) [39].

Figure 1.2: Luminex beads contain two fluorophores at defined concentrations resulting in a
unique identifier for each bead. Up to 100 unique combinations, barcodes, can be distinguished.
The barcode is correlated to the captured antibody, identifying the target protein of each bead.
The concentration of the targeted protein is evaluated by a shared readout fluorophore con-
nected with a detection antibody to the target protein. Reprinted from Adamcova et al. [40]

By coupling a barcode with a primary antibody targeting a specific
protein, the fluorescent readout of the bead not only correlates with the
protein concentration but also with the identity of the protein which is
targeted by this bead. This is especially important, because the readout
fluorophore does not need to differ between proteins. The number of
different proteins measurable is then only limited by the number of bar-
codes imbedded into the beads. This enables multiplexed measurements,
measuring multiple proteins at the same time, from one solution.
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1.3 Analysis of secreted proteins at the single-cell level

The analysis of single cells is challenging due to their small size, frail
structure, and the number of analysed cells needed to obtain statistically
significant findings. Flow cytometry is one of the most used single-cell
analysis method to date and is applied in most laboratories [41, 42]. It
is a standard method to quantify the state of a population and measure
cellular properties based on fluorescence readout. It is well suited to mea-
sure intra-cellular protein concentrations, or the abundance of membrane
bound proteins. However, additional steps are needed to bind the secreted
proteins on the surface of the cells enabling secretion detection in common
flow cytometry [43, 44]. Therefore, it is ill-suited to quantify the secretion
of cells due to complex and highly specialized assays. Preferably, an isola-
tion and separation between each cell is desired to quantify the secretome
of a single cell with a high specificity.

A well-established and widely used method to detect the secretion of
single cells is an enzyme-linked immunosorbent spot (ELISpot) assay [45,
46]. Cells are spread across an antibody coated surface which captures the
secreted protein in proximity of the cell during incubation. This approach
allows easy and cost-effective analysis of secreted protein from single cells;
however, the major limitation of the system includes that the proteins dif-
fuse in all directions, reducing the specificity of the assay and guarantee
only partial capture of the proteins [47].

1.4 Microfluidics as a tool for analysing secreted proteins
from single cells

Microfluidics encompasses the field of fluids confined to micrometre-sized
geometries to perform specific tasks with high throughput and minimal
sample consumption. Even though the first microfluidic devices were de-
veloped already in 1975, the field gained traction in 1990 when Manz et al.
introduced the concept of miniaturized total analysis systems (µTAS) [48].
The already existing microfabrication approaches were extended, and
novel approaches enabled more complex and more accessible microfluidic
devices [49]. Since its introduction, it was applied in fields such as analyt-
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ical chemistry, cellular biology, and personalized medicine, and remains
an important field of research to date [50, 51]. A current overview of the
field with the focus on bioanalysis and diagnositc is found in chapter 2 of
this thesis.

Microfluidic devices are well suited for handling biological samples
due to the comparable size of the micro-scaled geometries and the sizes
of living cells (∼1-100 µm) [50, 51]. Several microfluidic methods were
developed to overcome the limitations of ELISpot assays and enabled the
isolation, incubation, and analysis of single cells over the recent years [47,
52–62]. Most of the micro-scaled devices have the advantage to isolate
the cells in small volumes, resulting in an up concentration of secreted
proteins. Therefore, already low secreting cells have the potential to in-
crease the concentration in the volume above the limit of detection (LOD).
The developed devices can roughly be grouped in four groups: droplet
devices, utilizing two phases to separate cells; hydrogel particles function-
alized to capture secreted proteins on their surface; microvalve devices
enclosing cells in micro-scaled chambers; and microwell array devices iso-
lating devices based on distance or sealing.

1.4.1 Droplet devices

Droplet-based devices employ two immiscible phases to separate cells
from each other. The inner phase, containing the cells, nutrients, and
assay reagents, is surrounded by the continuous phase consisting of fluo-
rocarbon, silicon, or hydrocarbon oil [63]. The low solubility of proteins
in the continuous phase essentially ensures that the proteins secreted by
the cells are contained in each droplet. The gas permeability and the
biocompatibility of oil is critical for cell survival but oils such as FC-40,
or HFE-7500 are well known to provide the needed properties [64]. The
microfluidic devices are designed to generate droplets at high frequency
encapsulating single cells inside the droplets. The most common readout
methods of the droplet-based assays are fluorescence [35, 65] or Förster
resonance energy transfer (FRET) [66, 67] due to the closed system.

Many platforms rely on a relocation immunoassay as a protein detec-
tion and quantification readout [35, 52, 53, 65, 68–70]. The method was
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first applied by Konry et al. [35] to measure the secretion of IL-10 from
single cells. They co-encapsulated a cell, a functionalized microsphere
coated with the target primary antibody, and all needed reagents for a
sandwich immunoassay inside the droplet during its generation. The se-
creted proteins are captured, and antibody-fluorophore complexes relo-
cate to the beads surface. The ratio between the fluorescence intensity
on the bead and the background gives a quantitative readout of the pro-
tein concentration. Similar principles were used to screen for antibody
secreting cells [65, 69] or was applied to dynamically monitor single im-
mune cells [52, 53]. In the DropMap platform, single cells are co-captured
with nanosized magnetic beads functionalized with primary antibodies
(Fig. 1.3). The platform provides temporal readout of the protein secre-
tion at high throughput and resolution. Portmann et al. multiplexed the
DropMap platform and measured three proteins with three different flu-
orophores [68].

Figure 1.3: DropMap platform. Single cells are isolated in droplets and the secreted proteins
are measured with a relocation sandwich immunoassay. Reprinted from Eyer et al. [52]

In general, the main challenge of droplet microfluidics is the imple-
mentation of a facil and reliable approach to exchange reagents inside the
droplets, limiting the washing capabilities needed for many assays sig-
nificantly [71]. This leads to less sensitive measurements and, at higher
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concentration, to the Hook effect [36]. Furthermore, the multiplex capa-
bilities are generally limited by the number of fluorophores measurable
without crosstalk.

1.4.2 Hydrogel devices

Several research groups utilized form-stable hydrogel particles for the de-
tection or quantification of secreted proteins from single cells. Generally,
the hydrogel particles are generated in a two-phase system resulting in a
uniform population of hydrogel particles. After generation of the hydro-
gel particles, they can be demulsified from the oil, washed, and used in
common flow cytometers.

Figure 1.4: Platform employing hydrogel particles to quantify the secretion of single cells mul-
tiplexed from 3 proteins. Reprinted from Hsu et al. [72]

Chokkalingam et al. [73] co-encapsulated functionalized beads with
single cells in hydrogel droplets. The secreted proteins are contained in
the droplets and are captured by the antibodies on the beads surface. Af-
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ter incubation, the droplets are broken (demulsified), and the standard
sandwich immunoassay is conducted. This method allows to combine the
high throughput of droplet microfluidics with the flexibility of washing
and reagents exchange. It was further developed to enable the multi-
plexed measurement of up to three proteins (Fig. 1.4) [72].

Recently, a novel technology was proposed where 3D structured hydro-
gel were used to capture and analyse secreted protein from single cells [74,
75]. Open cavities inside the structured hydrogels have cell-adhesive prop-
erties capturing single cells in these so called nanovials (Fig. 1.5). The
hydrogel particles with the cells can be encapsulated in droplets isolat-
ing the secreting cells and preventing cross-contamination. The proteins
are captured on the surface of the hydrogel particle before the particle is
demulsified after incubation. This enables the use of a standard sandwich
immunoassay with washing steps.

Figure 1.5: Structured hydrogel particles are utilized to capture single cells in nanovials and
measure the secreted proteins on the surface with a sandwich immunoassay. Reprinted from
Hsu et al. [74]

1.4.3 Microvalve devices

In microvalve devices the cells are captured and actively separated from
neighbouring cells by sophisticated pneumatic valves. The cells are en-
closed in pico- to nanolitre sized chambers preventing the diffusion of pro-
teins to neighbouring cells. Several capturing principles were introduced
to achieve single cell capture such as hydrodynamic traps or size-based
capturing [54, 55, 76–78]. The capture efficiency in devices is generally
good enabling the single-cell studies of rare samples such as circulating
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tumour cells. Additionally, the complexity of the system allows the easy
and fast reagent exchange. This enables the use of highly sensitive bioas-
says to detect and quantify the secretome of cells. Typically, the readout is
based on a sandwich immunoassay, but other readouts were implemented
as well [79].

Recently, a versatile platform based on microvalves was developed
which utilized commercially available beads to quantify proteins at the
single-cell level [54] (Fig. 1.6). The platform consists of 1026 wells with a
well density of 11 microchambers per square millimetre. The cells were la-
belled with magnetic beads and co-capture with barcoded magnetic beads.
Pneumatic valves isolated each cell preventing cross contamination. The
barcoded beads are commercially offered with more than 300 tested and
characterized protein assays resulting in a versatile and easy to adapt plat-
form.

Figure 1.6: Microvalve based platform for single-cell anaylsis. Single cells are co-captured
with magnetic beads and the secreted proteins are measured based on an on-bead sandwich
immunoassay. Reprinted from Armbrecht et al. [54]
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The main limitation in microvalve-based devices is the inadequate
throughput due to the complex mechanism usually needed to achieve
the desired functionalities. Additionally, the complexity of the system
necessitates well-trained users preventing a widespread application of the
devices and commercialization.

1.4.4 Microwell devices

Microwell array devices are known for their high-throughput and easy-to-
use properties. The cells are introduced in bulk and sediment into micro-
sized wells. One can distinguish two major device types: open microwell
arrays and closed microwell arrays.

Closed microwell devices

Microwells in closed systems are usually sealed by a glass slide clamped
on top of the device [56, 58, 61, 76, 80–82]. Here, the antibodies are mi-
cropatterned on the glass slide instead of the microwells.

Lu et al. patterned a glass slide with 42 different primary antibodies en-
abling the multiplexed measurement of 42 immune effector proteins from
single cells in closed microwells [61] (Fig. 1.6). Single cells were captured
in microwells fabricated in PDMS and sealed with the functionalized glass
slide. The platform contained 5044 microwells leading to a well density of
around 3 wells per square millimetre.

Open microwell devices

In open systems, a similar principle as in the ELISpot assay is applied [47,
57, 59, 83, 84]. The microwells or beads inside the microwells are coated
with antibody capturing the target proteins secreted by the cell in the well.

Choi et al. developed an open microwell platform integrated into a
384-wells plate [47]. With laser micropatterning, they reached a well den-
sity inside the 384-well plate of around 30 wells per square millimetre.
The proteins secreted by the cells were captured and evaluated based
on a sandwich immunoassay. However, to prevent cross contamination
between wells, they added methylcellulose to the media, increasing the
viscosity and thereby reducing diffusion.
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Figure 1.7: Microwell array based platform for single-cell anaylsis. Single cells are captured
in microwells patterned with 42 regions of different antibodies. The secreted proteins are
measured with a sandwich immunoassay. Reprinted frum Lu et al. [61]

Depending on the principle, the limitation of microwell-based devices
differ. In open systems, in general, diffusion between the wells reduces the
sensitivity, selectivity, and the up-concentration of proteins in a confined
volume. In closed systems, on the other hand, it is challenging to seal and
isolate the microwells without leakage preventing cross-contamination.

1.4.5 Unmet needs

In the recent years, several new technologies were developed allowing
the analysis of the whole-genome transcriptome of single cells [85, 86].
These methods utilize sequencing as a readout and implemented unique
molecular identifiers (UMI) allowing the detection of more than 103 to
104 genes from each cell while providing a throughput of more than 104

cells. The technologies were further developed to be able to detect up to
82 membrane-bound proteins from the cells by tagging DNA labelled an-
tibodies to the surface of the cells [87, 88]. However, the quantification of
secreted proteins at the single-cell level is still a challenge, as the secreted
proteins cannot be clearly and easily assigned towards each cell. The
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microfluidic methods presented in this chapter are still lacking the high
dimensional multiplexing in combination with the throughput achieved
for single-cell transcriptome analysis.

1.5 Goal of this thesis

The aim of this work is to develop microfluidic devices for the multiplexed
quantification of secreted proteins at the single-cell level at high through-
put. The developed devices were used to study the secretion profiles of
individual macrophages in response to different stimuli modelling the in-
fluence of the TME on them.

In chapter 2, the latest progresses in the microfluidic field with the fo-
cus on bioanalysis and diagnostics are summarized. The review highlights
new materials and methods employed (section 2.2), summarizes current
integrated operational units (section 2.3), recaps recent developments of
detection methods (section 2.4), and concludes with innovative applica-
tion in the field (section 2.5).

Chapter 3 presents a microfluidic system for the analysis of up to 1084
single cells employing the combination of hydrodynamic traps, pneumatic
valves, and barcoded magnetic beads to enable multiplexed quantification
of secreted proteins. We showed that the platform can reliably quantify
protein concentrations below 1250 molecules per chamber enabling the
characterization of single macrophage polarization states. In section 3.2,
the experimental setup and methods are described in detail whereas in
section 3.3 the results obtained with the developed design are presented
and discussed.

In chapter 4, we describe the development of a microfluidic platform
able to isolate and analyse the secretome of up to 100’992 single cells.
The combination of an open hexagonal microwell array with a two-phase
system overcomes previous limitation enabling an unequalled well den-
sity. The high well density results in high throughput which we utilized
to study the heterogeneity of macrophages and the impact of anti-cancer
drugs on them. In section 4.2, the developed device is characterized, and
the results obtained are discussed. In section 4.4, the experimental meth-
ods are presented and reviewed in detail.
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Chapter 5 summarizes and concludes this thesis. The developed plat-
forms are critically discussed and we give suggestions for further improve-
ments and optimizations.
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2.1 Introduction

Microfluidics has become a mature technology, providing an excellent toolbox for

the handling and manipulation of fluid samples, suspended cells, and particles.

About 30 years ago, the first microfluidic devices aimed mainly at miniaturizing

analytical methods, particularly for improving the separation of analytes. Since

then, fabrication protocols and operation of the devices have become more and

more facile. The improved accessibility allowed increasing numbers of researchers

to design, manufacture, and use microfluidic systems, which rapidly revealed the

potential for widespread applications across the life sciences. Numerous novel

microfluidic methods are reported every year for observation and manipulation of

cells, mimicking organs, detection of biomarkers, and many other fields of study.

Microfluidic technology has multiple benefits for bioanalytical procedures. Ob-

viously, the miniaturized devices facilitate processing and analyzing of small sam-

ple volumes, in the range of µL to pL. Correspondingly, the consumption of as-

say compounds is low, thereby reducing the cost of the analysis. In digital and

droplet microfluidics, the sample is further segmented into droplets. In this way,

thousands of discrete reaction compartments are created, which can be utilized for

high-throughput screenings in the fields of drug discovery, drug testing, directed

evolution, or single-cell analysis. Owing to the ease of use, droplet microfluidic

platforms have been added to biologists’ routine methods for single-cell sequenc-

ing, also referred to as droplet sequencing, which we do not further cover in this

review.
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Microfluidic devices made it possible to integrate different functional modules

(or operational units) on a single platform and construct a micro total analysis sys-

tem, as it was envisioned in the early days of microfluidics [1]. Excellent examples

of integrated systems are reported for digital and droplet microfluidics, where sev-

eral process steps were successfully realized on a single platform. Serial coupling of

different separation methods before analysis, e.g., of cell suspensions, was likewise

achieved.

The detection method is integral to the microfluidic platform to acquire a mean-

ingful readout for the desired application. Microdevices can have either an inte-

grated detection module or are coupled to an external instrument. While optical

and fluorescence microscopy are commonly employed, interfaces to many other an-

alytical methods were further advanced, opening multiple options for assays, with

or without the need of (fluorescent) labels.

This review covers recent advances and developments in the field of microflu-

idic technology and selected articles published between August 2018 and Septem-

ber 2020. In tradition of previous review articles on micro total analysis systems [2,

3], we highlight new developments in manufacturing techniques and materials for

microfluidic devices, operational units including droplet microfluidics, and detec-

tion methods. The field of applications are continuously growing. We selected here

interesting studies for bioanalysis and diagnostics, with the focus on extracellular

vesicles, detection of biomarkers, and cell studies. In the light of the pandemic in

2020 caused by the virus SARS-CoV-2, we also emphasize microfluidic methods for

viral detection and related studies.

2.2 Materials and fabrication

2.2.1 Materials

Polymers

Many materials are suitable to build microfluidic devices. Most often, polymers are

chosen due to their low price and established fabrication protocols. Among them,

poly(dimethylsiloxane) (PDMS) is very common, since the production of proto-

types by soft lithography is facile, and PDMS is biocompatible, gas permeable, and

transparent. However, PDMS is not amenable for mass fabrication, suffers from

alteration of surface properties over time, and absorbs hydrophobic substances at

its surface. Auner et al. investigated the binding of 19 chemicals to the surface
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of PDMS. Based on the chemical affinity for PDMS, they implicate that the effec-

tive concentration of certain chemicals inside a PDMS device varies up to 1 order

of magnitude [4]. Lenz et al. demonstrated that small organic molecules diffuse

through PDMS, influenced further by swelling of PDMS when in contact to organic

solvents [5]. Therefore, many research groups are working on alternative materials,

which have the potential to overcome some of the shortcomings of PDMS.

Thiol-ene based materials, for example, possess an increased resistance to

weak solvents. When strong solvents (e.g., chloroform) are introduced, signifi-

cant swelling was reduced by a heat treatment of the thiol-ene material, as recently

shown by Geczy et al. [6] Additionally, the polymer precursor of off-stoichiometric

thiol-ene consists of hydrophobic and hydrophilic moieties, which self-assemble on

the surface of the material. Shafagh et al. exploited this phenomenon to fabricate

a hydrophilic-in-hydrophobic well array. This commercially appealing fabrication

procedure generates surface properties, which are long-term stable [7].

Potential commercialization of microfluidic devices is often hindered by the

limited capabilities for mass production. Hot embossing, the imprinting of the

microfluidic structure under pressure and heat, is a promising manufacturing ap-

proach for the commercialization of microfluidic devices. Sun et al. utilized hot

embossing to fabricate polypropylene (PP) microfluidic chips. These chips have su-

perior chemical resistance and exceptional antifouling properties, which increases

the consistency of bioassay readout compared to PDMS [8].

Silicon-glass devices

Si-glass chips are expensive to fabricate but exhibit excellent pressure and chem-

ical resistance quality. Qi et al. presented a manifold for small Si-chips, which

reduces the footprint of single devices to 50 mm2. On a common 4 in. wafer, up

to 80 single microfluidic chips can be produced. This reduces the cost per chip by

2 orders of magnitude, paving the way for single-use Si-glass microfluidics [9]. Si-

glass devices are generally fabricated by wet or dry etching processes, which limit

the microfluidic channel design to open 2D structures. Kotz et al. succeeded in

producing complex 3D structures in fused silica glass. This is achieved by a sacri-

ficial template, which leaves a cavity, the microfluidic channel, inside of the fused

silica [10].
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2.2.2 Alternative materials

In contrast to rigid materials, hydrogels are soft and, due to their similarity with

the extracellular matrix, are far better suited for long-term on-chip cell culture ex-

periments. One major drawback of hydrogel-based chips is the intrinsic swelling of

the hydrogel, making it difficult to design and fabricate complex structures. Shen et

al. overcame this problem by fabricating microfluidic devices with the nonswelling

diacrylated Pluronic F127 (F127-DA). This copolymer is covalently cross-linked and

retains its structure and mechanical properties after an equilibrium is established at

37 ◦C in aqueous solution [11]. Zhang et al. used a biodegradable polymer to fab-

ricate a scaffold for a branched network of seeded cells. This multimaterial system

is fabricated by a 3D stamping technique and it allows the integration of a complex

3D network [12].

A remarkable alternative material is wood, which is renewable and biodegrad-

able. Point-of-care (POC) devices, which are generally single-use devices, could

benefit from this environmentally friendly material. Andar et al. fabricated wooden

microfluidic devices and showed rapid and sensitive protein detection with a POC

device, which was fabricated by laser engraving plywood. This inexpensive method

of fabricating microfluidic chips is suited for low-resource settings [13].

In common microfluidics, a fluid is in direct contact with the material or the

surface coating of the microfluidic device. An alternate approach relies on the

guidance of the microscale flows by liquid-liquid interfaces (LLI). The LLI have sig-

nificant advantages such as their antifouling properties; however, they are restricted

to pressures below 1 kPa, which limits their application drastically. A novel method

was developed in which porous polytetrafluoroethylene (PTFE) was perfused with

a transitional fluid, which enables high-pressure LLI. The dynamic infusion of the

porous material guarantees a thin intermediate film of the transitional fluid be-

tween the sample solution and the solid matrix. Because the transitional fluid

prevents the walls to be exposed to the sample solution, antifouling and molecule

absorption is successfully avoided [14]. To complement the list further, widely used

and cheap materials are filter paper or tissue paper, which were comprehensively

described in previous reviews [15, 16].
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2.2.3 Fabrication

Lithography

Optical and soft lithography are the gold standard in the fabrication of PDMS mi-

crofluidic devices. Paik et al. improved the resolution below the diffraction limit

of the incident light by utilizing an elastic mask. The mask reliably contacts the

photoresist due to its elasticity and enables near-field lithography with a signifi-

cantly higher resolution. The group fabricated the mask by embedding chromium

in the desired pattern in a PDMS substrate. It is compatible with common hard-

ware used for soft lithography [17]. In contrast, Trantidou et al. sacrificed resolu-

tion (∼200 µm) to reduce the cost per chip significantly. In their method, termed

laser lithography, the microfluidic channels are laser cut inside an acrylic sheet and

later sealed from both sides by two dry resist film sheets. The cleanroom-free pro-

cess is straightforward, simple, and reduces the cost for microfluidic chips [18].

The main expenses in the production process of soft lithography originate from

the fabrication of the photoresist master mold, which needs significant knowledge

and expensive equipment. Additionally, the master mold is prone to damage and

has a limited casting life. Therefore, Sonmez et al. developed a polycarbonate

(PC) heat molding method to duplicate the photoresist master mold. No expensive

equipment is needed to make a PC mold from the master mold. Furthermore, the

footprint of the PC mold is unlimited, which makes the process suitable for mass

production [19].

Direct laser writing

Multiphoton lithography is a versatile tool to produce 3D structures in the submi-

crometer range. Vanderpoorten et al. demonstrated that the highly precise process

can be combined with standard soft lithography to integrate 3D submicron struc-

tures in a microfluidic device [20]. Alsharhan et al. integrated 3D nanostructures

in cyclic olefin copolymer (COC) microchannels. The group showed the robustness

of the nanostructure up to 500 kPa and printed an actively controllable valve [21].

A complex 3D structure with multiple materials inside a microfluidic channel was

fabricated by Mayer et al [22]. The structure consisted of up to five different mate-

rials, which were printed by flushing the channel with the specific materials during

the writing process.
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3D printing

3D printing is a fast, cheap, and flexible fabrication method. The drawback of

most commercially available 3D printer is their low printing resolution (>500 µm).

Most microfluidic chips have dimensions below 500 µm, which prevents them to

be 3D printed with a commercial 3D printer. Moreover, the printing protocol has

a significant influence on the printing quality and the maximum resolution of the

printer [23]. Recently, microfluidic channels with a 50 µm cross-section were 3D

printed with a stereolithographic (SLA) 3D printer. This was achieved by using a

specific photocurable ink and precisely controlling the exposure [24]. Polyjet 3D

printing offers a superior resolution (<100 µm) than the commonly used SLA and

fused deposition modeling (FDM) methods; however, the need for support ma-

terial for hollow structures is the resolution-limiting factor. Castiaux et al. used

liquid support to print microchannels, negating the need for photocurable sup-

port. With this method, they were able to print microfluidic channels below 150

µm [25]. In contrast, Li et al. printed channels bigger than 500 µm; however, they

succeeded in printing a full microfluidic device with multiple materials in a sin-

gle step. The device contains transparent acrylonitrile butadiene styrene (ABS),

conductive ABS, and two integrated membranes. The simple fabrication method

makes it commercially attractive (∼0.20 USD per chip) [26]. Zhu et al. mixed up-

conversion nanoparticles in the photoresist to achieve a uniform curability over a

long exposure distance by a near-infrared laser. This powerful SLA method enables

the printing of scalable and freestanding structures [27]. Multiscale 3D printing

was also achieved by Li et al. They used a viscous filament in combination with

an applied voltage to generate periodic coiling of the printed material. The coiling

shape is correlated to the applied voltage. This method grants an incredible high

printing speed of up to 10 cm s−1 [28].

3D channel fabrication

Most microfluidic fabrication methods, such as soft lithography, dry or wet etching,

produce planar channels with rectangular channel cross sections. The addition of

the third dimension in the fabrication process could largely increase the number of

possible applications. Yuan et al. fabricated microfluidic channels by heat draw-

ing structured multimaterial fibers with the desired shape. The heat drawing re-

duces the macroscale fiber assembly to the desired size in microscale. Additionally,

functional elements can be included in the fabrication process such as conductive

materials for dielectrophoresis [29]. A different approach exploits elastic crack en-

gineering to fabricate 3D structures. At certain curing conditions, an intentional
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and controlled crack in the PDMS mold is created. The crack allows the fabrication

of closed-loop, 3D structures with a reusable PDMS mold. This method enables

high-resolution, rapid, and multimaterial production of microfluidic devices to be

produced at low cost [30]. Xiang et al. fabricated a 3D channel system by stacking

multiple polymer-films together. The device consists of three layers with complex

channel structures and three adhesive layers connecting the channel layers [31].

Well plate insert

The operation of microfluidic devices requires specific equipment and expertise,

which is inaccessible for most laboratories. Therefore, researchers are looking for

simpler and more easily accessible microfluidic interfaces. Standardized 96-well

plates are broadly available. Thus, injection molded polystyrene insets were devel-

oped for 12- and 96-well plates to coculture cells separated by a hydrogel. The insets

are fixed to the bottom of a well by either a pressure-sensitive adhesive [32, 33] or

a springlike mechanism [34] (Fig. 2.1). The cell solutions are loaded by pipetting in

combination with capillary forces into the specific compartments.

Figure 2.1: Well plate inserts were developed to coculture cells in 12- or 96-well plates. The in-
jection molded inserts are designed for mass production and are easy to integrate into common
culture protocols. Adapted from Day, J. H.; Nicholson, T. M.; Su, X.; Van Neel, T. L.; Clinton, I.;
Kothandapani, A.; Lee, J.; Greenberg, M. H.; Amory, J. K.; Walsh, T. J.; et al. Lab Chip2020, 20,
107-119 (ref [34]), with permission of The Royal Society of Chemistry.
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2.2.4 Coating

The intrinsic surface properties of various materials are well suited for simple de-

vices but are not sufficient for more complex and highly specialized applications.

Depending on the application of the microfluidic device, it is desired to have either

superhydrophobic or superhydrophilic surfaces. Generally, this is accomplished by

various coatings applied after the fabrication and bonding of the device.

Antifouling

Microfluidic devices are excellently suited to analyze minuscule biological sam-

ples such as blood or salvia. The samples are generally analyzed based on the

activity of targeted molecules, which enables a fast and specific readout. How-

ever, the untargeted binding of biological molecules to the device material, called

fouling, hinders the use of microfluidic devices in numerous applications. Sabaté

del Río et al. reduced the fouling of electrodes by applying a matrix of bovine

serum albumin intermixed with conductive nanomaterial. The coating prevented

unspecific binding for 1 month in human blood serum effectively [35]. Liu et al.

cross-linked titanium dioxide (TiO2) nanoparticles with vinyl-terminated PDMS to

fabricate a coating with superhydrophobic and antibacterial properties. The TiO2

nanoparticles self-assemble into a thin layer on the surface of the substrate. The

photocatalytic active property of the TiO2 degrades biological debris exposed to

UV light and gives rise to self-cleaning properties of the substrate. Furthermore,

the superhydrophobicity leads to significant blood repellency, which has great po-

tential in medical applications such as wound dressing or in microfluidic devices

for whole blood sampling [36]. A similar effect was reached by lubricin-inspired

triblock copolymers, which were designed to strongly adhere to a silica surface and,

at the same time, expose antiadherent moieties toward the sample. These so-called

bottlebrush polymer-coated surfaces are exceptionally stable and show extreme low

fouling properties [37].

Cell adherence

Microfluidic devices are excellent tools to cultivate cells under highly defined con-

ditions. A major drawback is the unpredictable cell adhesion and proliferation on

the surface of synthetic materials of microfluidic devices. Piironen et al. showed

that certified biocompatibility of 3D printed materials is not a good indicator of cell

survival on the surface. The more important factor is the ability to autoclave the

material previous to use [38]. To stabilize and promote cell adhesion in a PDMS

37



2. Recent advances in microfluidic technology for bioanalysis and

diagnostics

device, poly-d-lysine-conjugated Pluronic F127 (F127-PDL) was used successfully.

The simple one-step introduction and incubation technique was utilized in neu-

ron differentiation and growth and showed significantly better results compared

to uncoated PDMS [39]. In contrast, Liu et al. exploited the water solubility of

amorphous silk proteins to functionalize micro- to nanoscale patterns on various

substrates. The biocompatible process relies on inkjet-printed water droplets and

its subtractive effect on the silk film. The silk film was functionalized with colla-

gen (cell adherent) or Temozolomide (cell growth inhibitor) to increase or decrease

cell adhesion on the substrate [40]. The bonding of PDMS to a glass substrate is

generally attained by O2 plasma activation of the surfaces and subsequent cova-

lent bonding of the two materials via the generated hydroxyl groups. In contrast

to O2 plasma, CO2 plasma generates carboxyl and hydroxyl groups on the glass

substrates. Shakeri et al. used carboxyl groups, generated by CO2 plasma, to mi-

cropattern antibodies on the glass surface. This straightforward technique enables

the coating of the channel with fibronectin to precisely define the area in which

cells adhere to the glass substrate [41].

2.3 Operational units

2.3.1 Pumping

Selecting the right pumping system for microfluidic devices is essential to generate

specific fluid flows or decrease the footprint for applications such as point-of-care

(POC) testing. Discovering new ways of self-sufficient and easy to integrate pump-

ing devices has become more important in recent years. One such development

employs a commercially available latex balloon to push liquid through microfluidic

channels. The flow rate can be controlled by changing the size and thickness of

the balloon and actively squeezing it leads to an instant pressure change. To show

the applicability of this device, experiments were conducted under different liquid

viscosities and temperatures, using various microfluidic structures [42].

Park and Park established finger-actuated microfluidic pumps and valves that

operate as one unit, allowing on-demand flow control and constant volumes in-

dependent of user variation. In contrast to other types of finger-actuated devices,

deflection of the polydimethylsiloxane (PDMS) membrane is induced by a pressure

change in the pneumatic channels, allowing a simultaneous actuation of valves.

Thus, sequential delivery of reagents, followed by a nucleic acid purification on-

chip without any external equipment was demonstrated [43]. Furthermore, a mod-
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ular finger-powered actuator was fabricated entirely by MultiJet 3D printing. In this

way, fluid flow rates from 100 to 300 µL min−1 were achieved with a significantly

reduction in backflow [44]. Additionally, most microfluidic pumps require com-

plicated fabrication techniques due to a variety of moving parts, microstructures,

or electrical contacts. Therefore, another group introduced a micropump based on

photoacoustic laser streaming. By exciting a quartz plate implanted with Au parti-

cles with a pulsed laser, an ultrasound wave was generated to drive the liquid flow

via acoustic streaming [45].

The disadvantage of standard pumps is the requirement for power to achieve

high and constant flow rates. However, Seo et al. demonstrated a suction pump

made of sodium polyacrylate, a polymer with a high swelling ratio. This leads to

an increased amount of absorbed liquid to generate flow rates of ∼80 µL min−1

for more than 4 h. By integrating the pump with reverse electrodialysis, a portable

battery was created, generating ∼70 µW cm−2 for 1 h by using only saline solutions

without any external power sources [46].

Numerous microfluidic devices are based on the passive principle of the capil-

lary effect at microscales. The use of capillary forces as an actuation mode holds

the advantage of being passive without any active part; however, it is slow and liq-

uid transport is limited. Chen et al. investigated the directional and ultrafast water

transport on the surface trichomes of pitcher plants (Sarracenia) and designed a

microfluidic channel with a similar surface structure. They successfully increased

the passive water transport in a hierarchical microfluidic channel by 3 orders of

magnitude [47].

One unique example of pumping in microfluidics is the formation of a biohybrid

valveless pumping device driven by engineered skeletal muscle cells. This device,

reported by Li et al., is able to generate a unidirectional flow of 22.5 µL min−1. The

so-called pump-bot is made of a soft hydrogel tube, which is surrounded by a ring

of muscle cells, connected to stiffer PDMS channels [48].

2.3.2 Valves

Traditional pneumatically controlled microfluidic valves are fabricated by using

multilayer soft lithography and paved the way toward a variety of fluid handling

operations on-chip. Since then, microfluidic architectures have become more com-

plex and the requirements for newer devices have risen. Large arrays of valves

have become to be the standard, but addressing each of them individually remains

difficult. By creating an array of valves made of shape memory polymer (SMP), in-
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dividual valves can be triggered by localized joule heating combined with a global

pneumatic air supply. Cross-heating of neighboring valves was avoided by pattern-

ing the SMP membrane with stretchable carbon-silicone composite heaters. This

concept allows more than 3000 cycle operations and enables a permanent latch-

ing for more than 15 h [49]. Furthermore, it was shown that SMP can be used to

develop programmable microfluidic chips, which act as simple logic circuits [50].

Valves for centrifugal microfluidics were investigated as well, such as passive

elastic reversible (ER) valves or active electromagnet-triggered pillar (ETP) valves.

There are two different types of ER valves. Fixed ER valves that are easy to integrate

into microfluidic discs by adding a small piece of PDMS acting as a seal. The

sealing pressure can be adjusted during the fabrication process. Tunable ER valves

that make use of an additional plastic screw to adjust the sealing pressure and,

thus, increase the controllability of the system. These ER valves can retain liquids

up to 420 kPa [51]. While passive valves are actuated solely by centrifugal forces,

active valves, such as the ETP valves, have the advantage of releasing reagents

on demand. ETP valves are composed of a metal pillar that is embedded in the

microfluidic chip. The top of the chip is sealed with pressure-sensitive adhesive

tape. By lifting the metal pin using an electromagnet, the adhesive tape separates

from the substrate and the liquid can pass through [52].

Most valves operate in dimensions of micrometers. Developing valves for

nanofluidic devices remains challenging but was achieved by Kitamori and co-

workers on glass devices. The 10-1000 nm-sized nanochannels could be closed

or opened by bending a thin glass plate using a piezoelectric driven actuator [53].

2.3.3 Gradient formation

The low Reynolds numbers in microfluidics predominantly result in a laminar flow,

which is important for the generation of accurate biochemical concentration gradi-

ents for numerous biological applications. Usually, a variety of concentration con-

ditions are tested in microtiter plates by using automation facilities. However, the

formation of concentration gradients along a microarray on-chip is a time saving

and inexpensive approach with the possibility of scaling down to a small colony-

sized- [54], single-cell-, or even single-molecule-sized level [55].

Other groups generated multiple gradients on a chip, enabling certain biological

applications. One team proposed a radial microfluidic device, in which chemotaxis

studies of eight different cell types under different gradient conditions were per-

formed in parallel [56]. Another group made use of two orthogonal gradients to
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expose bacteria, immobilized in an agarose gel, to a variety of antibiotic concentra-

tion combinations [57].

All of the previously described gradients were generated in the same direction

as the flow. However, for some biological or analytical applications, it is advanta-

geous to establish concentration gradients with different shapes or patterns. Re-

cently, Perrodin et al. designed a microelectrode to form steady-state linear proton

gradients perpendicular to the fluid stream in a microfluidic channel. Thus, par-

allel streams, splitting steps, and precise control of the microfluidic circuit are not

required [58].

2.3.4 Mixing

Since microfluidic chips exhibit laminar flow profiles, the mixing of substances re-

lies on molecular diffusion in passive mixing devices. This slow and passive process

can be enhanced by additional serpentine-shaped channel structures. Enders et al.

fabricated five different passive micromixers using multijet 3D-printing and com-

pared the mixing efficiency under similar dimensions and by applying the same

methods [59].

In contrast, active mixers can achieve significantly higher homogenization

grades and allow for adjustments of the mixing performance independent of the

flow rate. One such investigation employed nanoscale stir bars consisting of bio-

conjugated magnetic nanochains powered by magnetic fields integrated into a mi-

crofluidic chip. In addition to the mixing-function, the functionalized surface can

be used to capture molecules for bioseparation (Fig. 2.2A) [60].

Another active mixing strategy, which became popular over the recent years,

is conducted by acoustic-driven micromixers. Surface acoustic waves (SAW), bulk

acoustic waves, or acoustically vibrating microstructures transfer acoustic energy

into the fluid to homogenize it. By oscillating sharp edges and bubbles within

the microfluidic channels using a piezoelectric transducer, acoustic microstreams

were generated, reducing the mixing time to 0.8 ms at a flow rate of 116 µL min−1

(Fig. 2.2B) [61]. Based on the same principle, an oscillating star-shaped acoustic-

driven micromixer reached a mixing time of 4.1 ms at a flow rate of 8 mL min−1 [62].

By inducing acoustic streaming in a valve controlled chamber using SAW, mixing

times of 5 s for 153 nL and 1.5 s for 44.3 nL at a frequency of 70.9 MHz were

achieved [63].

A different mixing approach was demonstrated by Zhang et al. using reactive

inkjet printing to fabricate autonomously rotating biocompatible silk-based micro-
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Figure 2.2: Active mixing techniques. (A) Bioconjugated magnetic nanochains powered by
magnetic fields acting as nanoscale stir bars. The functionalized surface allows one to capture
analytes for bioseparation. Adapted with permission from Macmillan Publishers Ltd.: NA-
TURE, Xiong, Q.; Lim, C. Y.; Ren, J.; Zhou, J.; Pu, K.; Chan-Park, M. B.; Mao, H.; Lam, Y.
C.; Duan, H., Nat. Commun.2018, 9, 1-11 (ref [60]). Copyright 2012 under a Creative Com-
mons Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0/).
(B) Acoustically vibrating sharp edges and bubbles transfer acoustic energy into the fluid to
achieve mixing times of 0.8 ms at flow rates of 116 µL min−1. Adapted from Rasouli, M. R.;
Tabrizian, M. Lab Chip2019, 19, 3316-3325 (ref [61]), with permission of The Royal Society of
Chemistry.
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stirrers. The rotary movement is induced either by the release of surfactants and

driven by the Marangoni effect or by catalytically driven bubble propulsion. Since

these micromixers are not dependent on any external energy sources, they could

find application in POC platforms where diffusion limits have to be overcome [64].

2.3.5 Filtration and separation

Filtration

Sample preparation methods are usually required to improve a subsequent detec-

tion. Enrichment of cells or particles by size can be accomplished by filtration.

Since filter clogging is a major drawback, cross-flow filtration can be integrated in

a microfluidic device, which takes advantage of the microfluidic streams. Recently,

a microfluidic chip was reported which combines inertial forces and cross-flow fil-

tration for volume reduction and, thus, up-concentration of a cell suspension. This

device was characterized over a flow rate range of 3-6 mL min−1. A 1’100-fold in-

crease of white blood cell concentration was achieved by using a multistep serial

concentrator [65]. Another group used the cross-flow filtration principle by inte-

grating a nylon mesh membrane with a pore size of 5-50 µm into a microfluidic

device to separate cell aggregates from tissue fragments. Further dissociation into

single cells was possible due to hydrodynamic shear forces and physical interac-

tions with the nylon mesh. Single-cell numbers of minced and digested murine

kidney, liver, and tumor tissues were increased up to 10-fold [66].

Applying an electric field across a membrane enhances the extraction selectivity

of molecules and provides high sample preconcentration and cleanup. By imple-

menting nanoliter-scale electro-membrane extraction inside a microfluidic device,

model analytes from a 70 µL blood, plasma, or urine sample were extracted into

an acceptor solution. The enrichment capacity was 6- to 7-fold per minute, and

after 1 h, 400-fold enrichment was achieved [67]. In a different approach, an elec-

trochemical membrane made of a porous platinum electrode was used to remove

dissolved oxygen from the surface of an electrochemical sensor to allow the detec-

tion of molecules that are usually not detectable in the presence of oxygen [68].

Separation

A variety of other techniques was applied in microfluidic devices to sort and con-

centrate molecules or particles based on properties other than size. Recent improve-

ments have led to enhanced separation or purification of target cells and molecules.

Electrophoresis and gel electrophoresis allow for the separation of analytes based
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on their charge and are routinely used to separate proteins. It usually lacks good

separation resolution and, thus, is unable to identify variants of a single protein.

Yet, Linz and co-workers demonstrated the separation and preconcentration of the

fluorescently labeled model protein, ovalbumin, into its three variants by microflu-

idic thermal gel electrophoresis [69]. Electrophoretic separation of amino acids

and preterm birth risk biomarkers was also achieved (peptide 1, CRF, ferritin) in a

stereolithographic 3D printed microfluidic chip [24]. To enhance the separation res-

olution in immunoprobed isoelectric focusing, Jeeawoody et al. increased the pore

sizes of a polyethylene glycol (PEG) polyacrylamide (PA) gel by utilizing lateral

chain aggregation. Thus, the 2% PEG PA gel not only reached a higher resolution

than unmodified PA gels but also a lower immunoassay background signal [70].

On the other hand, to reduce mass transport limitations in immunoassays, the same

group developed a microarray-microparticle hybrid for single-cell immunoblotting.

Roughly, 3500 microparticles were formed in an array for single-cell isolation and

protein electrophoresis and subsequently mechanically released. Thus, a solution

of microparticles is produced, in which each particle is encoded with a single-cell

protein separation [71].

Another separation method was performed by applying magnetic fields on a

magnetically labeled target. The advantage of labeling specific molecules or cells

with antibody-functionalized magnetic particles is an increase in target selectivity.

(e.g., high-purity sorted white blood cells) [72]. Others utilized the differences in

magnetic moments of particles, allowing to sort a set of catalyst-particles based on

their iron content in a 3D printed microfluidic chip [73]. For more specific sep-

aration techniques, fluidic streamlines or viscoelasticity can be used to separate

particles not only based on shape and size but also on elasticity or diffusivity. One

group demonstrated the separation of a mixture of spherical particles and worm-

like micelles into four substreams by cross-streamline migration in a sinusoidal mi-

crochannel [74]. Another way to separate particles into different streams was per-

formed by generating a bidirectional flow using an array of field-effect electrodes.

Molecules with high diffusivity rapidly diffuse across the streamline whereas larger

particles diffuse slower and maintain their stream trajectory [75]. By designing a

reversed wavy channel structure in combination with a viscoelastic fluid, elasto-

inertial focusing and separation of nanoscale particles were realized [76].
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2.3.6 Droplet microfluidics and digital microfluidics

Droplet microfluidics allows for rapid and inexpensive compartmentalization of

analytes and cells under controlled conditions and is a powerful tool for high-

throughput screening. To adapt typical workflows to droplet microfluidics, further

improvements were reported such as droplet generation, sorting, merging, trap-

ping, and manipulation, realized by passive and active droplet-control methods.

Droplet generation

When a droplet needs to be released at a specific spatial or temporal resolution,

on-demand production of droplets is a favorable technique. Gallium electrodes

integrated within a microfluidic chip allowed to release droplets on-demand in

three different ways. First, through a programmable DC potential, second, un-

der short AC signals, and third, by AC trigger signals to increase the generation

frequency [77]. By deforming an aqueous-oil interface inside a microchannel us-

ing a pulsed electric field, femtoliter droplets of different viscous solutions were

produced on-demand [78]. Another approach employed two Laplace pressure bar-

riers to generate droplets on-demand by first filling a reservoir before pinching off

droplets into a main channel [79]. In addition to the time point when a droplet is

released, the order and number of targets, e.g., cells or particles, to be encapsulated

is also of importance. Delley and Abate designed a so-called particle zipper to co-

encapsulate the desired number of particle types that originated from two different

close-packed particle streams into one droplet [80]. Another interesting approach

is the generation of all-aqueous double- and triple-emulsions with the advantage of

being highly biocompatible [81]. After generation, droplets can be merged, which

is interesting for temporal and spatial triggering of chemical reactions. Merging can

be achieved passively by interfacial tension [82] or actively by acoustofluidics. The

latter was used to merge two surfactant-stabilized droplets based on their fluores-

cent levels. A merging efficiency of 100% was reported with a maximum merging

frequency of 105 droplets per hour [83].

Droplet sorting

Droplet cytometry and sorting is an attractive technique for single-cell analysis. In

particular, the accumulation of cell-secreted factors in droplets is intriguing as it is

not possible with commercial cytometers and cell-sorting instruments. The large

demand for these methods has driven recent advancements in passive and active

droplet sorting methods. For example, Pan et al. showed that the interfacial tension
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changes with the ph, when specific surfactants are chosen, which allows for passive

and label-free sorting based on ph [84]. Passive high-throughput size-based sorting

of hydrogel droplets was realized by inertial forces resulting in cross-streamline

migration [85]. Fluorescence-activated droplet sorting is a well-established tech-

nique and can be found in many microfluidic devices. In contrast, droplet sorting

based on fluorescence lifetime is rarely applied due to its low throughput. By im-

plementing a customized field programmable gate array, the data processing rate

for calculating the fluorescence lifetime enhanced the sorting throughput up to 2.5

kHz [86].

Droplet storage

Aligning droplets in an array is a powerful way to process and monitor thousands

of distinct events at the same time and is usually conducted passively by specific

trapping architectures. Thereby, the trapping efficiency and array-density is con-

stantly improving [87] and tailored to the needs of droplet composition and appli-

cation [88]. While passive techniques have the advantage of achieving very high

throughputs, active storing systems, on the other hand, have the ability to pre-

cisely set the droplet to the desired location. This can be achieved by pregenerat-

ing droplets and placing them precisely using an XYZ-positioner onto a 2D-array-

plate. Nelson et al. expanded this method to print 3D-arrays into a bath of yield

stress fluid where droplets remain at the position they were printed [89]. Further-

more, a microcage-array chip was developed, where microcages are surrounded

by multiple micropillars, allowing the creation of approximately 1’000’000 droplets

within 90 s. The massive scale, rapid creation, and the ability to retrieve localized

droplets makes this platform interesting for future high-throughput screening ap-

plications [90]. A complete opposite approach was performed by sorting droplets

with electrodes into a 3-branch channel. Each channel leads to a rotation platform

composed of 10 microtubes, which allow the fractionation and collection of the

droplets into 30 subgroups [91].

Droplet interfaces

A major drawback of droplet microfluidics is the leakage of hydrophobic com-

pounds from the aqueous-phase to the oil-phase. Instead of adding them directly

to the aqueous phase, solubilizing hydrophobic substances in the oil compartment

force a diffusion by partition back into the aqueous phase. Subsequently, the par-

tition coefficient determines the concentration in the aqueous phase [92]. Another

limitation is the transfer of substances between surfactant-stabilized droplets as
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well as the droplet coalescence at higher temperatures. Chowdhury et al. found

that dendritic triglycerol-stabilized droplets are a robust solution and significantly

better at preventing interdroplet transfer than polyethylene glycol-based surfac-

tants [93].

In-droplet manipulation

Separation and enrichment of molecules or particles inside droplets can realize

more sophisticated workflows and can be done by application of external forces,

such as magnetic-, dielectric-, and acoustic forces. Recently, surface acoustic wave-

driven acoustic radiation forces were added to the possibilities to focus particles

inside of a droplet. The droplet was split into one daughter-droplet containing the

particles and one without the particles. The daughter droplets with particles were

subsequently merged with the next droplet in line, thereby transferring the parti-

cles into a new buffer [94]. To separate small molecules inside a droplet, Saucedo-

Espinosa and Dittrich used two carbon composite membranes to apply a uniform

electric field across a microchannel to migrate and accumulate molecules based

on their net-charge. The droplet was split by a Y-junction into two portions, con-

taining enriched and oppositely charged species (Fig. 2.3A) [95]. Utilizing cation-

permselective membranes not only allowed the separation of charged species but

also the exchange of cations. Thus, cations were exchanged with calcium-ions lead-

ing to an increased fluorescence level of a calcium-sensitive dye [96]. Another ele-

gant solution for analyte enrichment in individual droplets was recently presented.

Droplets were immobilized in cylindrical microwells within a PDMS device and ex-

perience significant shrinkage due to water diffusion into the PDMS. Consequently,

protein oligomers dissolved in the droplets at femtomolar concentrations and were

up-concentrated by a factor of 100’000 [97].

Wells and Kennedy introduced a method to bring aqueous droplets and droplets

with organic solvents in contact, which allows rapid and simultaneous liquid-liquid

extraction of multiple nanoliter droplets. Extracted analytes were later detected

by electrospray-ionization mass spectrometry with an improved detection sensitiv-

ity [99].

Digital microfluidics

Digital microfluidics (DMF) is as an interesting and alternative technique for several

applications such as assays, synthetic biology, or point-of-care diagnostics. Apply-

ing an electrical field across a 2D-array, forces a change in the shape and contact
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Figure 2.3: Process steps integrated in droplet and digital microfluidic platforms. (A) In-droplet
separation of small molecules by applying a uniform electric field, realized by two carbon-
composite membranes integrated alongside the channel. Further, the droplets were split into
two portions containing the enriched and opposite charged species. Adapted from Saucedo-
Espinosa, M. A.; Dittrich, P. S. Anal. Chem.2020, 92, 8414-8421 (ref [95]). Copyright 2011
American Chemical Society. (B) Integrated microfluidic platform combining the advantages of
droplet and digital microfluidics to allow droplet generation in a flow-focusing module and
manipulation by pressure- and electrical-based methods. Adapted from Ahmadi, F.; Samlali,
K.; Vo, P. Q. N.; Shih, S. C. C. Lab Chip2019, 19, 524-535 (ref [98]), with permission of The Royal
Society of Chemistry.
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angle of a droplet, referred to as electro-wetting. In the recent years, several groups

realized complex bioassays by means of DMF, often in combination with magnetic

forces to further expand the process. For example, a fully automated CRISPR-Cas9

editing platform for cell culturing, transfection, gene editing, and analysis was es-

tablished [100]. Additionally, an entire ELISA-like assay for influenza A H1N1

virus diagnosis on a DMF-device was performed in 40 min by using electromag-

netic forces [101]. Another group developed a free-standing, DMF immunoassay

platform to detect four different types of chemical and biological warfare agents

from aerosols [102]. Furthermore, Dixon et al. presented a DMF device for blood-

plasma separation with a subsequent diagnostic assay and direct sample loading

capability of whole blood [103].

However, when a target compound is present in too low concentrations, a larger

sample volume is required, which makes DMF no longer applicable as it is limited

to sample volumes in the lower microliter range. For this reason, a sample pre-

concentration unit was designed, which can directly interfere with a DMF-device.

With this setup, the DNA present in a 1 mL urine sample was preconcentrated

into a 1 µL volume using magnetic particles, which made further processing on

the DMF-chip possible [104]. A promising advancement is an integrated droplet

microfluidics-DMF platform that combines the advantages of droplet generation in

microchannels with manipulation methods based on electro-wetting to realize com-

plex liquid-handling operations. Thus, droplet generation, -mixing, -incubation,

-detection, and -sorting was performed on one device, here demonstrated for yeast

culture grown under various conditions (Fig. 2.3B) [98]. Zhang et al. established

digital acoustofluidics. With this method, droplets were manipulated on the surface

of an immiscible oil layer via hydrodynamic traps induced by three-dimensional

acoustic streaming [105].

2.4 Detection

2.4.1 Electroanalytical methods

Electroanalytical detection methods are very attractive for microfluidic devices

since they can be integrated in miniaturized platforms. A new dual-marker biosen-

sor chip demonstrated a robust measurement of glucose and insulin with a joint

Ag/AgCl reference/counter electrode and two Au working electrodes [106]. It

achieved a limit of detection (LOD) of glucose and insulin at 0.2 mM and 41 pM,

respectively. Flexible electrodes with roll-to-roll slot-die coating were presented for
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the reproducible detection of dopamine with an LOD of 0.09 µmol L−1 [107]. In an-

other application, the electric resistance measured through four wires was used to

monitor the bacterial cell growth in a parallel fashion to estimate antibiotic suscepti-

bility [108]. A polyaniline nanofiber modified screen-printed electrode was utilized

for the detection of circulating tumor cells [109]. Rajendran et al. developed a

lab-on-a-disc platform to allow electrochemical detection of active compounds by

voltammetry and amperometry while rotating [110]. Furthermore, a field-effect

transistor array was utilized to quantify only captured cells with a positive correla-

tion between current gain and the number of captured cells [111].

Electrical impedance spectroscopy (EIS) can be used to study and characterize

cell membranes through their specific resistance. This can be achieved with com-

mercially available chopstick-like electrodes. By changing the input signal from

direct to alternating currents with varying frequencies, the cell layer capacitance

was calculated [112]. While typical impedance measurements are carried out in

well-plate formats, an integrated droplet microfluidic system coupled to a micro-

electrode array for single cells was reported [113]. This allowed the observation of

dynamic changes with better controllability and the possibility to integrate addi-

tional analytical systems more easily. Another device was reported with the abil-

ity to monitor the physical properties of droplets in real-time through impedance

measurements [114]. This provides a tool for fine-tuning and characterizing droplet

generation. Recently, EIS was extended to single plant cells for studying primary

cell wall regeneration [115].

2.4.2 Raman spectroscopy

Surface-enhanced Raman scattering (SERS) is attractive due to its low limit of de-

tection and high spatial resolution. A new method of synthesizing multiple SERS

substrates in a single microfluidic channel was reported. It achieved multiple detec-

tion capabilities and resulted in SERS barcodes at a detection limit of 10−14 M [116].

A strategy to detect two biomarkers at the same time was reported on a fully au-

tomated microfluidic device that features two parallel microfluidic channels for the

SERS detection [117]. Through directly measuring chemically specific intracellu-

lar molecular vibrations, the need for labeling for cellular phenotyping is omitted.

Nitta et al. reported label free real-time sorting of single live cells by coherent

Raman scattering with of throughput up to ∼100 events per second [118].

Much effort has been invested into the design and regeneration of SERS sub-

strates. While stationary substrates offer better reproducibility than colloidal ones,
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they suffer from the so-called memory effect caused by irreversible adsorption of

analytes. This could be overcome by utilizing an electrically regenerable SERS sub-

strate, i.e., a silver electrode, that strips off the adsorbed analytes, opening the

possibility for quasi-real-time SERS detection in a continuous microflow [119]. Fi-

nally, SERS detection for single-cell analysis in droplet microfluidics was reported

by Willner et al. Encapsulated single prostate cancer cells and wheat germ agglu-

tinin functionalized SERS nanoprobes were locked into a droplet storage array for

investigation [120]. Through the use of an automated tool, it was possible to ac-

quire SERS maps without first using white-light imaging. This rapid detection and

evaluation primes SERS for the rapid droplet-based screening.

2.4.3 Optical methods

Integration of optical detection is usually straightforward on transparent microflu-

idic devices and microscopes are widely accessible. Fluorescence measurements

provide high selectivity and sensitivity, and a large number of fluorophores and

fluorogenic assays are available. Through the combination of optical encoded and

biomarker specific fluorescence, a new in situ phenotyping method of circulating

tumor cells (CTCs) was reported (Fig. 2.4B). The employed magnetic nanospheres

exhibited fluorescence emissions with minimal spectral overlay under simultaneous

excitation, allowing a multiplexed detection of three biomarkers [121]. Single-cell

protein profiling was reported for CTCs captured in 1026 microchambers through

the coimmobilization of cells and barcoded magnetic beads [122]. Multiplexed de-

tection of three potential cancer drug targets was demonstrated with LODs of 43.1

ng mL−1, 19.6 ng mL−1, and 1.2 ng mL−1 for GAPDH, Gal-3, and Gal-3bp, re-

spectively. Combination with ultrabright fluorescent nanoscale labels as recently

presented may further improve the sensitivity of fluorescence methods [123]. A

concentration step may also enhance the sensitivity and was achieved by trapping

individual droplets in cylindrical microwells and shrinking them through water ex-

traction (Fig. 2.4A). Kopp et al. demonstrated detection of soluble protein oligomers

at femtomolar concentrations through an analyte up-concentration of up to 100’000-

fold within the droplets [97].

Other more specialized optical methods can be combined with microfluidics.

For example, thermoresponsive hydrogels with Prussian blue as an analyte-

associated photothermal agent were employed, which was triggered by a near-

infrared laser [124]. The thermal image- and distance-based readout was able to

detect silver ions at a concentration as low as 0.25 µM. Infrared photodissociation
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Figure 2.4: High-sensitivity analysis of proteins. (A) Up-concentration of molecules by droplet
shrinkage. Droplets are trapped in wells on a PDMS device and shrink over time. The water-
soluble analytes remain in the droplets and are up-concentrated, here visualized by increased
fluorescence intensity. Adapted from Kopp, M. R. G.; Linsenmeier, M.; Hettich, B.; Prantl, S.;
Stavrakis, S.; Leroux, J. C.; Arosio, P. Anal. Chem.2020, 92, 5803-5812 (ref [97]). Copyright 2011
American Chemical Society. (B) Workflow for isolation and phenotypic profiling of circulating
tumor cells (CTCs), captured from a blood sample by using magnetic nanospheres. The optical
barcode of the nanospheres allows for identification of three surface markers to differentiate
CTC phenotypes. Adapted from Spectrally Combined Encoding for Profiling Heterogeneous
Circulating Tumor Cells Using a Multifunctional Nanosphere-Mediated Microfluidic Platform,
Wu, L. L.; Zhang, Z. L.; Tang, M.; Zhu, D. L.; Dong, X. J.; Hu, J.; Qi, C. B.; Tang, H. W.; Pang,
D. W. Angew. Chem. Int. Ed. Engl., Vol. 59, Issue 28 (ref [121]). Copyright 2014 Wiley.
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combined with mass spectrometry is gaining attention for its ability to distinguish

isobaric compounds and to provide additional structural information. A cryogenic

ion trap vibrational spectrometer was coupled to a microfluidic chip for the online

monitoring of isomeric flow-reaction intermediates [125].

2.4.4 Mass spectrometry (MS)

Interfacing microfluidic devices with mass spectrometers, particularly for cellular

analysis, is another interesting area of research. For example, a spiral microfluidic

chip for single-cell sampling assisted by inertial forces was interfaced with induc-

tively coupled plasma MS (Fig. 2.5B). By introducing an internal standard, real-time

quantification of intracellular target elements was achieved [126]. A microfluidic

surface extractor coupled to electrospray-ionization quadrupole time-of-flight MS

was designed for the direct study of cell membranes (Fig. 2.5A). It was applied

to discriminate three subpopulations of human tumors via principal component

analysis [127]. Furthermore, Piendl et al. reported a heart-cutting 2D chip-HPLC

with a monolithic electrospray emitter for the label-free analysis of demanding iso-

baric and biological sample mixtures [128]. Through this separation method, the

detection of isobaric compounds in less than 4 min was demonstrated.

Moreover, a potent device for mass-activated droplet sorting was introduced by

Holland-Moritz et al. [130] Enzymatic reactions in nanoliter droplets can be sorted

at a throughput of 0.7 Hz based on the presence/absence of selected signals in the

mass spectrum. This was possible by splitting droplets and analyzing the daughter

droplets by ESI-MS, while putting the corresponding daughter droplets in a long

channel on hold, before sorting them with a dielectrophoretic sorting module. An-

other strategy uses a fluorescence-activated cell sorter to deposit selected cells in

a nanoliter sample processing chip, which enabled quantitative proteomic analysis

of single mammalian cells [131] Recently, a parallel droplet splitting method was

published, capable of splitting 6000 droplets in a few seconds (Fig. 2.5C) [129]. This

has allowed the MS analysis of supernatant, while the cells are still viable and thus

can be retrieved and cultivated afterward.

Open microfluidic systems with an array or a well-like design can be interfaced

with matrix-assisted laser desorption/ionization (MALDI)-MS without much ef-

fort. For the discovery of antimicrobial resistance biomarkers, Zhang et al. coupled

a microfluidic device to a MALDI-MS. From the MALDI-MS spectra, differential

peaks were utilized to narrow potential biomarkers down for transcriptome con-

formation [132]. A new method of recording the lipid profile of cells and mem-
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Figure 2.5: Interfaces for microfluidics and mass spectrometry. (A) Microfluidic probe for in situ
extraction of lipids from adherent cancer cells, coupled to ESI-MS. Adapted from Liu, P.; Huang,
Q.; Khan, M.; Xu, N.; Yao, H.; Lin, J. M. Anal. Chem.2020, 92, 7900-7906 (ref [127]). Copyright
2011 American Chemical Society. (B) Microfluidic device aiding the analysis of intracellular
targets in single cells by time-resolved ICP-MS. Single-cell sampling is achieved by means of
inertial forces in the spiral microchannel with 104 periodic dimensional confined micropillars.
Adapted from Zhang, X.; Wei, X.; Men, X.; Jiang, Z.; Ye, W. Q.; Chen, M. L.; Yang, T.; Xu, Z.
R.; Wang, J. H. Anal. Chem.2020, 92, 6604-6612 (ref [126]). Copyright 2011 American Chemical
Society. (C) Parallel splitting of nanoliter droplet arrays for analysis of cell supernatant by
MALDI-MS. Daughter droplets on the top plate are subjected to mass spectrometric analysis,
while droplets on the bottom plate are used for continuous cell cultivation. Based on the mass
spectra, individual droplets with cells can be transferred to large cultivation flasks. Adapted
from Haidas, D.; Napiorkowska, M.; Schmitt, S.; Dittrich, P. S. Anal. Chem.2020, 92, 3810-3818
(ref [129]). Copyright 2011 American Chemical Society.
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brane extracts by combining microarrays with MALDI-MS was presented [133].

This workflow improved reproducibility, a well-known issue in MALDI-MS, and

can be easily implemented with microfluidics for, e.g., lipid biomarker discovery.

By employing self-assembled monolayers inside a 3D microfluidic chip, enzyme

kinetics were studied. These monolayers immobilized the product and posed as

a matrix for ionization. A total of 2592 reactions were screened to map the reac-

tion process, which required about 200 times less reagent volume than traditional

multiwell plate tests [134].

2.4.5 Other methods

Calorimetry is now reaching subnanowatt sensitivity with low noise, making it ac-

cessible for single-cell studies. Three devices were recently reported using calorime-

try for biological applications. One high-sensitivity microfluidic chip calorime-

ter reached a high calorimetric sensitivity of 0.2 nW for single-cell metabolic rate

measurements, proven by the measurement of Tetrahymena thermophila [135]. The

metabolic study of individual Caenorhabditis elegans worms was also reported

recently [136]. The third platform focused on antimicrobial susceptibility testing,

providing a better understanding of metabolic processes upon drug exposure [137].

A microfluidic chip was designed for nuclear magnetic resonance (NMR) mea-

surements by deterministic electrode placements [138]. Chitosan electrodeposi-

tion was successfully detected, opening NMR to other electrochemical applications.

Other papers reported the coupling of microfluidics to small-angle X-ray scattering

or time-resolved cryo-EM [139, 140].

A continuously infused microfluidic radioassay was presented with a large 3D

field of view mini-panel positron emission tomography (PET) scanner [141]. This

improves existing tools in the field of pharmacokinetics by enabling parallel infu-

sion allowing higher throughput. Lately, a platform for the detection of Escherichia

coli whole-cells was published. The label-free interferometric reflectance imaging

enhancement allowed for the sensitive detection of individual pathogens captured

on the surface [142]. The extrapolated limit of detection was calculated as 2.2

CFU mL−1, and no sample preparation was required. PET radiotracers are, due

to their unstable nature, difficult to generate precisely, especially in a clinical set-

ting. This bears the need for rapid and precise characterization of the generated

labels before usage. To address this issue, two different microfluidic quality control

platforms were reported. The first employed a pulsed amperometric detection of

carbohydrate-based radiotracers, which was used to test [18F]2-fluoro-2-deoxy-d-
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glucose in a flow injection analysis [143]. The second combined a silicon photo-

multiplier light sensor with a microfluidic plastic scintillator for the detection of

[18F]fluoride [144].

2.5 Selected applications in bioanalysis and diagnostics

2.5.1 Cell manipulation

Microfluidic platforms allow for effective capturing, positioning, and analysis of

cells. Often, there occurs a problem in the first step of loading the cells into a chan-

nel due to cell aggregates and cell debris. To address this, Calistri et al. developed

a microfluidic system that controlled the entry of individual cells into the channels

through optical triggering. This can be particularly helpful in the context of analyz-

ing tissues and tumors because it requires a step to fully dissociate the cells prior

to the analysis of single cells [145]. Once supplied into the microfluidic device,

cells can be captured and exposed to chemical gradients, which was exploited by

Chen et al [146]. They performed dynamic single-cell studies on HeLa cells and

investigated calcium signaling in response to three different agonists, supplied in

a defined pattern. Moreover, it was shown that even larger organisms (e.g., the

worm C. elegans) can be trapped and exposed to stimuli with spatial, temporal, and

intensity control [147]. In another approach, tumor slices were placed within a bot-

tomless 40-well plate, onto a porous membrane [148]. Multiplexed drug exposure

was achieved through a microchannel network underneath the porous membrane,

and fluorogenic live/dead cell assays were employed to determine the efficacy of

treatment.

2.5.2 Cytometry and cell sorting

Analysis of a suspended cell population by sorting is a common task, and many

miniaturized fluorescence-activated cell sorters have been introduced in the last

decades. An experimentally interesting approach for analysis of circulating tumor

cells (CTCs) from mouse blood is recently demonstrated by Hamza et al. They

introduced mouse blood into a microfluidic fluorescence-activated cell sorter to

withdraw and analyze the CTCs, while the CTC-depleted blood is reinjected into

the mouse [149]. This facilitates long-term observation of tumor progression and

treatment of the same mouse over weeks. In addition, Pritchard et al. introduced

a vortex-actuated cell sorter, which combines inertial focusing of cells with thermal

vapor bubbles for the sorting of fluorescently labeled cells [150]. A microsorter,
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where inertial focusing combined with highly accurate acoustic pulses was in-

troduced by Zhou et al [151]. For single-cell reverse transcription loop-mediated

isothermal amplification (RT-LAMP) mRNA detection, a integrated droplet sorting

and merging platform was presented by Chung et al [152]. Instead of performing

mRNA in a continuous droplet-based workflow, these platforms combined droplet

generation/sorting with stationary droplet pairing to avoid the need for interdevice

transfer or flow synchronization (Fig. 2.6B). Both sample and reagents are spotted

onto a storage array and merged via electrohydrodynamic force, allowing an RT-

LAMP reaction with a fluorescence readout. For a typical reaction volume of 25

µL, the possibility of performing simultaneous 676 scRT-LAMP reactions was re-

ported. Other cytometry applications require the acquisition and analysis of im-

ages, which is not possible in commercial cytometers. This challenge of high-speed

image analysis was addressed by Isozaki et al., who demonstrated rapid intelligent

image-activated cell sorting [154], while Yalikun et al. emphasize the influence of

deformable channel walls on image-based cytometry [155]. Image-based cell sort-

ing in droplets was furthermore introduced by Sesen and Whyte [156].

2.5.3 Analysis of secreted compounds

Microfluidic methods also improved particularly the analysis of cell-secreted

compounds since they can be accumulated in microfabricated compartments or

droplets. Recently, a high-throughput single-cell platform for activity-based screen-

ing and sequencing of antibodies was introduced [157]. It aimed at IgG-secreting

primary cells to characterize antibody-binding properties against soluble or mem-

brane antigens. Two workflows were therefore required, both employ single-cell

compartmentalization and sorting based on the spatial distribution of fluorescent

signals within the droplets.

Chemical sensors can be harmful to cells and may induce phenotype changes,

especially for stem cells. To overcome this bottleneck, a droplet-based platform

was recently presented, which splits single-cell droplets for secretion analysis

(Fig. 2.6A) [153]. Single stem cells were first encapsulated into droplets and pro-

duced albumin. After splitting the droplets, a cell-toxic albumin sensor was added

to the daughter droplet without the cell and analyzed by fluorescence spectroscopy.

Moreover, Hsu et al. embedded a hydrogel sensor together with the target cells in

aqueous droplets. After the incubation and production of cytokines, droplets were

de-emulsified, and the cytokine-loaded hydrogel sensors were analyzed by im-

munoassays. Further signal enhancement was achieved by heating and shrinkage
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Figure 2.6: Droplet sorting platforms with multiple operational units. (A) Workflow for syn-
chronized supernatant analysis and cell sorting. After splitting into two daughter droplets,
a cell-toxic chemical sensor is injected and analyzed by fluorescence spectroscopy. The other
synchronized droplet containing the cell can then be sorted according the fluorescence signal
and cultivated afterward. Adapted from Sun, G.; Teng, Y.; Zhao, Z.; Cheow, L. F.; Yu, H.; Chen,
C. H. Anal. Chem.2020, 92, 7915-7923 (ref [153]). Copyright 2011 American Chemical Soci-
ety. (B) Schematics of a single-cell RT-LAMP assay using a Sort N’ Merge platform. Droplets
containing RT-LAMP reactants and single cells with lysis buffer are generated and sorted into
the storage device and populate the pairing-merging wells. The paired droplets are merged by
electrohydrodynamic forces allowing a RT-LAMP reaction followed by an imaging-based flu-
orescence measurement. Adapted from Chung, M. T.; Kurabayashi, K.; Cai, D. Lab Chip2019,
19, 2425-2434 (ref [152]), with permission of The Royal Society of Chemistry.
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of the hydrogel sensors [158]. Instead of droplets, wells or valve-defined microcom-

partments can also be employed for secretion studies. Quantification of cytokines,

aiding in assessing immune responses, was realized on a multiwell microfluidic

platform with an integrated biosensor [159]. Recently, CTC isolation with efficien-

cies above 95% and quantification of their protein secretion was reported [160].

After the size-selective trapping of CTCs, the secretion level of granulocyte growth-

stimulating factor was determined by a magnetic bead-based assay with a LOD of

1.5 ng mL−1.

2.5.4 Blood cell separation

Many diagnostic methods use liquid biopsies, i.e., the sampling and analysis of

blood. Microfluidic methods can be beneficial in the process, as they can be

employed to separate the blood constituents, such as red and white blood cells,

platelets, or lipid particles, or capture specific types of target cells such as CTCs. For

example, deterministic lateral displacement (DLD) can be used to separate blood

cells, platelets, and spiked rare cells by size [161]. An even more efficient separation

was achieved in a two-step process, where the first separation step is based on spiral

inertial microfluidics, and the second step uses DLD [162]. Sharp edges in a DLD

array deform passing cells, which can be exploited for deformability studies [163],

and separate by deformability [164]. Kim et al. introduced a one-step purification

method for white blood cells (WBC) at high flow rates of 60 µL min−1. It synergis-

tically combines a slant array ridge-based WBC enrichment unit as a throughput

enhancer and a slant, asymmetric lattice-based WBC washing unit as a purity en-

hancer [165]. In a similar context, Zhu et al. built a inertial microfluidics cube for

fast extraction of white blood cells [166]. A highly integrated device for CTC cap-

ture from blood samples was recently reported by Tohner and co-workers [167]. It

combines inertial focusing, microfluidic filter structures and magnetic sorting on a

single platform.

A further approach for analyzing blood is performed on a rotating disc. It

utilized density gradient centrifugation for complete blood counting and achieved

an accuracy of >95% as compared to an automated hematology analyzer [168].

2.5.5 Point-of-care devices for the detection of biomarkers

Microfluidic systems are ideal for point-of-care applications or decentralized test-

ing, benefiting from their footprint and portability. A wearable droplet microflu-

idic system was introduced for real-time sampling and measurement of tissue bio-
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chemistry [169]. A screw-driven peristaltic pump simultaneously feeds perfusate

into a microdialysis probe and withdraws the resulting dialysate into the device

(Fig. 2.7A). The sample-reagent mixture is immediately afterward segmented into

droplets for an absorbance-based measurement of glucose and lactate. A 3D mi-

croporous hollow fiber membrane with gradient pore sizes was used to trap cells

and allowed the diffusion of smaller molecules. Only a small sample amount of 5

µL was required and administered by capillary forces. By immobilizing different

assay reagents to the membrane framework, biomolecules such as glucose were de-

tected [170]. Furthermore, a three-layered hierarchically structured microchip was

developed to quantify multiple biomarkers with a dynamic detection range [172].

The detection range was modulated by controlling the capture-antibodies concen-

tration and therefore the intensity of the chemiluminescence readout signal. For

the C-reactive protein, one of the three simultaneous analyzed targets, they report

a dynamic range of 3.13-100 mg L−1 with an LOD of 1.87 µg mL−1. Moreover, an

integrated microfluidic circuit for autonomous aptamer-based molecular detection

was shown by Shin et al [173]. This device accepts whole blood samples, which are

introduced into the chip together with reagents. Blood cells were removed by hy-

drophoresis to vacuum pillars. Only blood plasma reached the chamber, where the

marker thrombin was detected. For the colorimetric analysis of biomarkers relevant

to kidney disorders, a soft microfluidic system was presented (Fig. 2.7B) [171]. It is

highly attractive because it passively collects sweat, which is noninvasive and easy

for patient use. In addition, this epidermal applied device can detect creatinine and

urea in physiologically relevant levels with adapted colorimetric assays. Moreover,

viability assessment of donor-kidneys improves the outcome of transplantations.

Therefore, a portable real-time analysis platform for microdialysate was developed

to monitor tissue metabolites [174]. A needle-based biosensor detects glucose and

lactate and transmits data via Bluetooth to a smartphone application.

Cunningham and co-workers developed an active capture and digital counting

assays with a self-powered microfluidic cartridge for detection of protein biomark-

ers by immunoassays [175]. Besides portability, sensitivity of the method is impor-

tant to detect low-concentrated biomarkers. Tokeshi and co-workers presented very

sensitive immunoassays for disease biomarkers, where the capture antibodies are

immobilized at the channel walls to improve the limit of the detection [176].
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Figure 2.7: Portable microfluidic device for point-of-care diagnostics.(A) A screw-driven peri-
staltic pump simultaneously feeds perfusate into a microdialysis probe and withdraws the
resulting dialysate into the device. The dialysate is then mixed with reagents before droplet
formation and analysis, e.g., of glucose. The result is transferred via Bluetooth to an external
device. Adapted with permission from Macmillan Publishers Ltd.: NATURE, Nightingale, A.
M.; Leong, C. L.; Burnish, R. A.; Hassan, S. U.; Zhang, Y.; Clough, G. F.; Boutelle, M. G.; Voegeli,
D.; Niu, X. Nat. Commun. 2019, 10, 1-11 (ref [169]). Copyright 2012 under a Creative Com-
mons Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0/)
(B) Overview of an epidermal microfluidic sweat sensor, allowing the quantitative colorimetric
analysis of creatinine and urea, which are relevant biomarkers for kidney disorders. Adapted
from Zhang, Y.; Guo, H.; Kim, S. B.; Wu, Y.; Ostojich, D.; Park, S. H.; Wang, X.; Weng, Z.; Li, R.;
Bandodkar, A. J.; et al. Lab Chip2019, 19, 1545-1555 (ref [171]), with permission of The Royal
Society of Chemistry.
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2.5.6 Extracellular vesicles (EV)

Exosomes secreted by cells are considered as valuable biomarkers to diagnose vari-

ous diseases, such as cancer, as well as potential drug delivery vehicles [177]. They

contain surface markers, proteins, and RNAs of the cell of origin and are easily

accessible, e.g., by liquid biopsy, since they are present in blood, urine, and saliva.

However, EVs must be enriched and separated from these body fluids for fur-

ther analysis. Nagrath and co-workers utilized a microdevice conjugated with two

melanoma-specific antibodies, MCAM and MCSP, to capture melanoma cycling tu-

mor cells and exosomes from whole blood [178]. By combining in situ enzymatic

amplification of optical deposits and surface plasmon resonance, exosome popula-

tions were analyzed from blood samples of patients diagnosed with Alzheimer’s

disease. Compared to other such platforms, several parameters were optimized

allowing a highly sensitive multiplexed detection [179]. Mathew et al. developed

a prostate cancer cell-line EV assay in a microfluidic device with the ability to de-

tect the same EV concentration range that occurs in whole blood by combining

redox cycling on nanointerdigitated electrodes, an enzymatic reaction, and a sand-

wich immunoassay [180]. Another group presented a prostate cancer diagnosis

technique by in situ detection of exosomal miRNAs and surface proteins using

molecular beacons and antibodies [181].

Liu et al. enriched extracellular vesicles labeled with fluorescence aptamers

using thermophoresis and classified them by a linear discriminant analysis algo-

rithm. Thus, surface protein profiles of EVs in 232 serum samples were obtained

and 6 cancer types at stage I to IV uncovered with a sensitivity of 95% for stage I

cancers [182]. By labeling EVs with DNA-aptamers followed by λ-DNA mediated

viscoelastic microfluidics, single EVs were analyzed in 2D based on size and marker

expression in a microfluidic coflow device. Thus, EV subpopulations of breast cell

lines and -cancer patients with different HER2 expression could be analyzed using

a machine learning algorithm [183].

It has been a great challenge to separate particles with nanometer sizes. Several

researchers developed microfluidic methods that effectively overcome the difficul-

ties. For instance, Zhang and Lyden provided a detailed protocol for asymmetric-

flow field-flow fractionation (AF4), suitable for the separation and further char-

acterization of small extracellular vesicles such as exomeres and exosomes. A

semipermissive membrane integrated into the bottom wall allows for the filtra-

tion of nanoparticles below the cutoff size. Samples with larger particle range can

be separated solely due to differences in their diffusion coefficients. Therefore, AF4
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provides a label-free, gentle, and rapid way to isolate extracellular nanoparticles

at a resolution of 1 nm in 1 h [184]. Further, a nanoparticle tracking analysis was

coupled to AF4 enabling online separation and counting of 50 to 200 nm sized

polystyrene particles [185]. Another label-free method to separate exosome-like

particles was accomplished by using a so-called FerroChip. The separation princi-

ple is based on the ferrohydrodynamics of nanoscale particles in a ferrofluid and

allowed to separate 30-150 nm sized particles with a recovery rate of 94.3% and a

purity of 87.9% [186]. Baba and co-workers employed electroosmotic flow-driven

lateral displacement to separate extracellular vesicles in an array of micro- and

nanopillars [187].

2.5.7 Identification of pathogens and antibiotic susceptibility
testing

Rapid test on antibiotic susceptibility of pathogens can aid medical doctors to select

the best drug mixture for bacterial infections. Increased throughput is achieved by

parallelization of tests, as shown in a new device capable of screening four bac-

teria/drug combinations simultaneously [188]. After bacterial cell encapsulation,

the droplets were transferred to four integrated microdroplet-arrays. Each array

hosting over 8000 docking sites, in which proliferation was assessed. It offers a

significantly faster assay time of 30 min compared to 16-24 h of conventional meth-

ods. Another microfluidic device allowed a rapid classification and susceptibility

testing at the single-cell level, where pathogens were loaded into channels by cap-

illary forces [189]. These capabilities were showcased with clinical samples, where

pathogens are identified based on size and shape, before testing antibiotic response

within approximately 30 min. Furthermore, Coudron et al. developed a digital

microfluidic platform for automated immunoassays, taking advantage of a fully

magnetic separation process for rapid detection [190]. The device is compatible

with electrowetting-coupled air samplers and performs automatic immunoassays

completed in between 6 to 10 min. For studying the interspecies interactions and

environmental dependencies of microbial communities, a droplet microfluidic chip

was presented, where color-coded species droplets are randomly merged in mi-

crowells [191]. Phenotyping was performed via fluorescent protein expression and

respiration driven reduction of resazurin. This so-called kChip was employed to

screen 100’000 multispecies communities comprising of up to 19 soil isolates to

identify sets for the growth promotion of a model plant symbionts (Fig. 2.8B).

A new promising class of antimicrobials are polypeptides, which possess mem-
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Figure 2.8: Highly parallel analysis of vesicles and droplets. (A) Microfluidic platform for test-
ing the efficacy of membrane-active drugs on individual lipid vesicles. The platform consists of
a vesicle formation module and 8 separate chambers each encompassing an array of 372 vesicle
traps. Evaluation was carried out by fluorescence imaging. Adapted from Al Nahas, K.; Cama,
J.; Schaich, M.; Hammond, K.; Deshpande, S.; Dekker, C.; Ryadnov, M. G.; Keyser, U. F. A Lab
Chip2019, 19, 837-844 (ref [192]), published by the Royal Society of Chemistry under a Creative
Commons Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/).
(B) Massive parallel construction and screening of microbial communities by merging droplet.
The content of the droplets is characterized by color codes. Community phenotypes can be
tracked via optical assays, including fluorescent protein expression and respiration-driven re-
duction of resazurin to the fluorescent product resorufin. Adapted with permission from Pro-
ceedings of the National Academy of Sciences USA Kehe, J.; Kulesa, A.; Ortiz, A.; Ackerman,
C. M.; Thakku, S. G.; Sellers, D.; Kuehn, S.; Gore, J.; Friedman, J.; Blainey, P. C. Proc. Natl.
Acad. Sci. U.S.A.2019, 116, 12804-12809 (ref [191]).
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branolytic properties. To estimate these properties, a platform for producing and

trapping of lipid vesicles in separated chambers was developed [192]. The dye-

filled vesicles were continuously exposed to different concentrations of Cecropin

B, an antimicrobial agent, and the time dependent effect could be estimated via a

decrease in fluorescence intensity (Fig. 2.8A).

2.5.8 Virus detection

The recent pandemic caused by the severe acute respiratory syndrome coronavirus

2 (SARS-CoV-2) showed the importance for sensitive, rapid, and cheap viral testing

methods and their availability especially during a pandemic. Microfluidic technol-

ogy can make a significant contribution to the needs, as demonstrated by several

recent studies. Ackerman et al. developed a CRISPR-based multiplexed platform

for the detection of up to 169 human associated viruses [193]. The miniaturization

of the platform reduces reagent cost by up to 300 times, which makes it affordable

for high-throughput and wide coverage testing of patients’ samples. Alternatively,

a highly sensitive and rapid CRISPR-based platform was established, which has

a turnaround time of approximately 50 min from sample-to-answer [194]. In con-

trast, Lin et al. used antigens combined with a fluorescent readout to achieve a

turnaround time of less than 15 min [195]. The PRESCIENT platform is in an

integrated microfluidic platform for the rapid testing of virus neutralizing anti-

bodies [196]. The susceptibility of the virus to the antibody is performed at the

single-cell level. A different approach to inhibit virus spread is the disruption of its

life cycle. Virus capsids, the protein shell encapsulating its genetic material, were

studied by a multicycle resistive-pulse sensing platform [197]. The viral particle is

driven back and forth through four serial nanopores, each time giving a detection

signal. The time between the nanopores is correlated to the size of the viral parti-

cle. This method discriminates viral particle sized up to a one time difference and

provides a strong tool to study the viral self-assembly process.

Especially in a global pandemic, it is important that viral detection can be per-

formed rapidly on site, preferentially on a POC device. Therefore, Hedde et al.

developed a modular microarray imaging platform for the highly selective and

specific detection of viruses such as SARS-CoV-2 [198]. Their developed platform

shows a similar sensitivity than commonly used plate readers but is 100 times less

expensive. An alternative point-of-care device, developed by McRae et al., is able

to define the severity of the patient’s disease course facilitating decision making in

clinical settings [199]. Jiang et al. developed a microfluidic POC platform for the
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virus detection offering both the storage and delivery of reagents for virus lysis as

well as RNA extraction. The system achieved a similar level of sensitivity in RNA

enrichment compared to commercially available extraction kits without any labo-

ratory equipment needed [200]. Additionally, more and more POC devices use a

smartphone as a user interface. A passive and self-driven microfluidic platform was

developed which enables the highly sensitive readout with integrated colorimetric

sensors [201]. The results are automatically sent to the connected smartphone.

Moreover, Minagawa et al. developed an imaging platform for the digital detection

of the influenza virus [202]. The optical readout is based on evanescent field illumi-

nation, and single viral particles can be detected with a simple smartphone camera.

Lately, an autonomous POC device was reported for rapid HIV detection in whole

blood [203]. It utilized a novel RT-LAMP assay whose reagents can be dried and

stored for 3 weeks at room temperature. After amplification, the products were

visualized by a lateral flow immunoassay, with a sensitivity of 3 × 105 virus copies

per reaction.

2.6 Conclusion and outlook

Research in microfluidics has various aspects; it requires development of the tech-

nology, such as fabrication or investigation of suitable materials and coatings, in-

vention of methods to manipulate fluids and samples, adaptation of microscale

systems to analytical detection methods, as well as development of assays suitable

for application in small volumes. All these fields have further advanced in the last

2 years and resulted in exciting studies and findings.

For example, numerous available methods to capture individual cells, by pas-

sive modules or external forces, e.g., acoustic, electric, or magnetic forces, have

opened new opportunities for single-cell analysis beyond just complementing stan-

dard methods. The immobilization of selected single cells combined with pre-

cise manipulation of the microenvironment and the possibility to keep cells in a

small observation volume allowed for monitoring of single-cell response, analysis

of single-cell lysates, or quantification of secreted compounds at a large through-

put. Analytically challenging areas such as the analysis of ultrarare circulating tu-

mor cells in blood samples, or single cells derived from solid tumors, are benefiting

greatly from these new methods.

Due to their small footprint and possibilities of integration, microfluidic plat-

forms are valuable tools for diagnostic measurements at the point of care. This can

substitute the need for fully equipped laboratories and provide rapid test results
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that support the selection of a therapy for a patient, e.g., choice of antibiotics to treat

an infection, as well as disease monitoring to evaluate the chosen therapy. Point-

of-care devices should be extremely robust and easy to use, so that user-errors can

be excluded. Likewise, the result should be clear and interpretable and based on a

simple analytical method, e.g., a colorimetric assay or smartphone-assisted detec-

tion. However, significant optimization is still needed before widespread commer-

cialization and use in low-resource settings becomes feasible. The urgent need for

rapid tests of viral infections will positively stimulate research toward improved

robustness and reproducibility as well as simple, user-friendly operation.

The interdisciplinary nature of microfluidics requires synergistic efforts of re-

searchers from different backgrounds and with different expertise. Such collabo-

rations have become more and more successful in recent years, and the increasing

acceptance of microfluidics in the life sciences (i.e., beyond engineering and method

development) will certainly push the current trend forward in near future.
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High numbers of tumour-associated macrophages (TAMs) in the tumour mi-

croenvironment are associated with a poor prognosis. However, the effect of

TAMs on tumour progression depends on the proteins secreted by individual

TAMs. Here, we developed a microfluidic platform to quantitatively measure the

secreted proteins of individual macrophages as well as macrophages polarized by

the culture medium derived from breast cancer cells. The macrophages were cap-

tured in hydrodynamic traps and isolated with pneumatically activated valves for

single-cell analysis. Barcoded and functionalized magnetic beads were captured

in specially designed traps to determine the secreted proteins by immunoassay.

Individual bead trapping facilitated the recording of the protein concentration

since all beads were geometrically constrained in the same focal plane, which is

an important requirement for rapid and automated image analysis. By determin-

ing three signaling proteins, namely interleuking 10 (IL-10), vascular endothelial

growth factor (VEGF), and tumour necrosis factor alpha (TNF-α), we successfully

distinguished between differently polarized macrophages. The results indicate

a heterogeneous pattern, with M2 macrophages characterized by a higher se-

cretion of IL-10, while M1 macrophages secrete high levels of the inflammatory

cytokine TNF-α. The macrophages treated with the supernatant from cancer cells

show a similar signalling pattern to M2 macrophages with an increased secretion

of the pro-tumoural cytokine VEGF. This microfluidic method resolves correla-

tions in signaling protein expression at the single-cell level. Ultimately, single-

macrophage analysis can contribute to the development of novel therapies aimed

at reversing M2-like TAMs into M1-like TAMs.

3.1 Introduction

Cytokine signalling is an important process for cell-to-cell communication, enabling

complex interactions between cells in a highly heterogeneous population [1, 2].
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However, cell-to-cell signalling not only plays a critical role in the development,

survival, and proliferation of its own population but also has a profound impact on

the surrounding microenvironment [3]. Tissue-resident macrophages are immune

cells that reside throughout the body and influence the course of diseases based

on cell-to-cell signaling [4]. Of particular interest are the effects of macrophages on

the tumour microenvironment (TME), as they can account for up to 50% of tumour

mass and are important regulators of cell proliferation and the apoptosis cycle [2, 5,

6]. Several studies have shown that tumour-associated macrophages (TAMs) have

the potential to affect tumour growth in a positive as well as negative way depend-

ing on the dominating phenotype [7–9]. Macrophages are highly plastic and within

the TME can change their phenotype, a process known as polarization, in response

to stimuli such as interferon gamma (INF-γ), interleukin 4 (IL-4) and interleukin

13 (IL-13) [10, 11]. Polarized macrophages can be classified as classically activated

(M1) macrophages and alternatively activated (M2) macrophages. The polarization

of macrophages can be determined by the combination of cytokines that each indi-

vidual macrophage produces and secretes. Tumour necrosis factor alpha (TNF-α)

is associated with tumour suppressive properties, whereas interleukin 10 (IL-10)

and vascular endothelial growth factor (VEGF) are associated with tumour prolif-

eration [12, 13]. Novel treatment approaches focus on the repolarization of tumour-

promoting (M2-like) macrophages to tumour-suppressing (M1-like) macrophages

[14–16]. Therefore, due to the heterogeneity of the TME and TAMs in particular, it

is critical to deepen the understanding of the underlying mechanisms at the single-

cell level to eventually find an effective and reliable treatment.

In microfluidic systems, fluids are confined and manipulated in sub-millimetre

structures, making them ideal for studying protein secretion at the single-cell level.

The dimensions of these engineered systems are in the low micrometre range (i.e.,

the same order of magnitude as living cells), allowing precise and rapid manip-

ulation of biological samples [17–21]. The capture and isolation of single cells at

this microscale has enabled the development of high-throughput single-cell analy-

sis techniques in recent years. In particular, single-cell RNAseq has attracted con-

siderable interest due to its sensitivity, throughput, and multiplexing capabilities

[22]. Knowledge of the cell’s transcriptome provides an extensive insight into the

up- and downregulation of gene expression but cannot reflect the cell state at the

protein level, e.g., RNAseq is not suitable for assessing the secretion of proteins.

Droplet microfluidics is particularly well suited for high-throughput single-cell

analysis due to the compartmentalization of single cells in droplets [22–26]. How-

ever, droplet microfluidics is hampered by the inability to replace reagents which
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can affect the detection of secreted proteins with high sensitivity. Alternatively,

open nano wells have been utilized for the purpose of highly sensitive detection

of single-cell secreted proteins [27, 28]. The shortcoming with this technology

is that the secreted proteins are not contained in the well but can diffuse out of

them [27]. In contrast, microchambers have been developed for isolation of sin-

gle cells with the flexibility of conventional 96-well plates [29, 30]. Due to their

flexibility in reagent exchange, the sensitivity of microchamber bioassays far ex-

ceeds that of droplet microfluidics. Precisely positioned and designed mechanical

columns, known as hydrodynamic traps, within the microchambers enable efficient

and label-free immobilization and isolation of single cells [21]. Due to their mi-

crometre scale, microfluidic systems allow high parallelization of the microcham-

bers and simultaneous readout of hundreds to thousands of individual cells [20].

Immunoassays allow quantification of proteins on the cell membrane or those

secreted by the cell. Multiplexed quantification of proteins in single cells has been

achieved by coating different sections of a microchamber with different antibodies

[31–33]. This method requires immobilization of capture antibodies during mi-

crofluidic device fabrication, which increases the fabrication complexity. In addi-

tion, this fabrication method results in high background noise due to nonspecific

binding of antibodies during the fabrication process. Recently, in Armbrecht et

al., we presented a new method in which multiplexed quantification of intracellu-

lar proteins was enabled by introducing barcoded magnetic beads with specifically

coated antibodies [30]. Due to commercially available beads with more than 300

target proteins, this method can be easily adapted to proteins of interest and has

a higher sensitivity compared to previous methods. However, in our previous ap-

proach, the cells were captured in the same traps as the magnetic beads, which

necessitated cell tagging. Furthermore, the relatively large magnetic traps led to

bead aggregation and overlap, which caused signal diminution and difficulties in

automation.

In this work we have significantly improved the microfluidic platform for the

quantitative measurement of secreted proteins at the single-cell level. We use hy-

drodynamic traps to capture single cells by size without tags (i.e., without the need

of attaching beads to the cells) and magnetic traps to immobilize barcoded, func-

tionalized magnetic beads in the same microchambers. The magnetic traps are

implemented using small cavities enforcing single-bead occupancy at a specific lo-

cation in the chamber. This design greatly improves automated imaging and image

analysis, which is a prerequisite for a further increase in throughput. Based on an

on-bead immunoassay, the secretion profile of differentially polarized macrophages
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is investigated and analysed.

3.2 Experimental

3.2.1 Wafer fabrication

The silicon master moulds for the PDMS microfluidic chip were fabricated using

soft lithography. One layer was required for the cell suspension and analysis (fluid

layer), and a second layer was required for defining the valves (pressure layer).

Each layer required a mould, prepared by optical lithography. Briefly, a thin layer

of negative photoresist (SU-8 from micro resist technology, Germany) was spun

onto a 100 mm silicon wafer. The speed of the spin coating determined the height

of the photoresist. After a bake prior to exposure, SU-8 was exposed in a specific

pattern to allow crosslinking of SU-8 at the exposed areas. The pattern was defined

by a high-resolution mask previously designed in CAD software and printed by

Selba S.A. (Switzerland). The mould for the fluid layer with the hydrodynamic and

magnetic traps was a SU-8 wafer comprising two heights. The first layer consists of

the fluid layer containing the hydrodynamic traps and SU-8 3025 was spin-coated

at 3000 rpm to a height of 25 µm. After exposure and post-exposure bake, a second

layer of SU-8 3010 was spin-coated onto the liquid layer at 4000 rpm (∼8 µm). After

exposure and post-exposure bake, SU-8 was developed in an mr-Dev 600 developer

for 5 minutes. The same procedure was used for the preparation of the master

mould for the pressure layer. However, it was spun with SU-8 3010 at a speed of

1500 rpm to achieve a final height of 15 µm. The developing time was reduced to 3

minutes. The features on the pressure wafer were designed 1.6% smaller than the

fluid layer to account for the shrinking of PDMS during the curing procedure.

3.2.2 Device fabrication

PDMS was prepared by mixing the oligomer and the crosslinking agent (Sylgard

184 silicone elastomer kit, Dow) in a 10:1 ratio. After thoroughly mixing the solu-

tion, it was degassed in a vacuum chamber for 15 minutes. The PDMS was poured

onto the moulds and cured at 80 ◦C for a specified time as indicated below. For

the fluid layer, 35 g of PDMS was poured onto the wafer to reach a height of about

4 mm. PDMS was then cured for 1.5 hours. The two inlets of the fluid layer were

punched with a biopsy punch and the device was cut into the final shape of 4 × 2

cm with a scalpel. For the pressure layer, 5 g of PDMS was spun onto the second

wafer at 2500 rpm. This resulted in a PDMS layer height of approximately 35 µm.
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The wafer was then cured for 30 minutes. A plain wafer was used to spin coat a

thin layer of crosslinking agent at 6000 rpm. The cured and cut-out fluid devices

were dipped into the thin layer of crosslinking agent. A microscope was used to

align the fluid device on the pressure layer. After alignment, the fluid device was

surrounded by PDMS on the pressure layer to seal it completely. After curing for

another 1.5 hours, the device was cut into the desired shape with a scalpel and the

four valve inlets of the pressure layer were punched out with a biopsy puncher.

The finished devices were then bonded to a microscope slide #3. To prepare for

this, the device and slide were cleaned with IPA and a tape, and placed in a plasma

oven for 30 seconds. After bonding, the finished device was heated to 100 ◦C for 15

minutes.

3.2.3 Magnet holder

Simulations for the magnetic field were performed using COMSOL Multiphysics

5.3a (COMSOL, Inc). A magnetic field strength of 1 mA m−1 was assumed for each

simulated magnet. All magnets face the same orientation towards the microfluidic

chip. The magnet holder was designed in SOLIDWORKS 2018 (Dassault Systèmes)

according to the dimensions obtained in the simulation. The CAD design was then

3D printed on an Ultimaker 3 (Ultimaker) using polylactic acid (PLA, Ultimaker).

3.2.4 Cell culture

THP-1 cells, a human leukaemia monocytic cell line, were cultivated at 37 ◦C, 5%

CO2, and 95% humidity until confluency was reached. The medium used was

Roswell Park Memorial Institute (RPMI) 1640 (Gibco), supplemented with 10%

fetal bovine serum (FBS, Gibco), 1× GlutaMAX (Gibco) and 1000 U ml−1 peni-

cillin/streptomycin (Gibco). 100 ng ml−1 phorbol 12-myristate 13-acetate (PMA,

Merck) was added to the culture for 48 hours to facilitate cell adherence. Then, the

medium was switched to serum-free Dulbecco’s modified Eagle’s medium (DMEM,

Gibco) to polarize the cells. DMEM supplemented with 100 ng ml−1 PMA was

added to generate an M0 phenotype, 50 U ml−1 interferon gamma (INF-γ, Merck)

with 1 µg ml−1 lipopolysaccharide (LPS, Sigma Aldrich) generated the M1 pheno-

type, and 50 ng ml−1 interleukin-4 (IL-4, Peprotech) with 50 ng ml−1 interleukin-13

(IL-13, Peprotech) polarized the cells towards the M2 phenotype. The cells were

incubated overnight with the individual activation reagents.

Cells were detached by addition of phosphate buffer saline without magnesium

and calcium (PBS, Gibco) for 30 minutes and 1× TrypLETM Express (Gibco) for 10

98



3.2. Experimental

minutes. After addition of full media and centrifugation for 5 minutes at 500 g, the

detached cells were then stained with reagents such as CellTraceTM calcein violet

AM and CellROXTM Green (both from Thermo Fisher Scientific) with incubation

and concentration ranges as provided by the manufacturer at 37 ◦C. After washing

the cells once with PBS, detached cells were supplied into the microfluidic device.

Adhered THP-1 cells were incubated for 72 hours with an upconcentrated MCF-

7 derived cell culture supernatant to generate TAM-like cells (Mtreated). MCF-7 cells,

which are breast cancer cells, were cultivated on cell culture dishes that were coated

with 0.1 mg ml−1 fibronectin (Merck) in PBS, in DMEM, supplemented with 10%

FBS (37 ◦C, 5% CO2, 95% humidity). Upon confluency, the medium was switched to

serum-free DMEM for at least 72 hours. This cell culture supernatant was collected

and further upconcentrated from 5 ml to 1 ml using Vivaspin 20, 3000 MWCO PES

(Sartorius) for 4 hours at 6000 g. Detachment and staining were done as with the

other polarized macrophages.

3.2.5 Optical setup

The fully automated microscope used for the experimental setup was a Ti2 Eclipse

(Nikon) with a SOLA SE II (Lumencor) light source and a DIQ2 camera (Nikon) for

fluorescence measurements. A temperature box around the microscope provided a

stable temperature of 37 ◦C and an atmosphere chamber provided an atmosphere

of 5% CO2 with a humidity of at least 70%. The objective used for all measure-

ments was a CFI Plan Apochromat Lambda 20× (Nikon). We used filter sets for

DAPI and GFP from Nikon. For PE and the two barcode fluorophores, we used

custom cubes with filter sets 532/10-552-575/35, 635/10-649-670/30, and 635/10-

649-711/25 (emission filter, dichroic mirror, and excitation filter), respectively. The

illuminance values for DAPI, GFP, barcode 1, and barcode 2 were set to 2%, 25%,

33%, and 33%, respectively. The exposure times for DAPI, GFP, barcode 1, and

barcode 2 were 100 ms, 250 ms, 100 ms, and 100 ms, respectively. The exposure time

for PE illumination varied depending on the experiment. For the alamarBlueTM

assay, the exposure time was set to 100 ms and the light intensity was set to 15%

of the maximum power. For the bead evaluation, the light intensity was set to 50%

and the exposure time to 500 ms.

3.2.6 Bulk assay

The protein secreted by the macrophages in the bulk culture was established with

ProcartaPlexTM immunoassays (Thermo Fisher Scientific) according to the protocol
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provided. The fluorescence readout was conducted with the same optical setup

used for the evaluation of the ProcartaPlexTM assay on-chip.

3.2.7 Statistical analysis

All statistical evaluations were performed with MATLAB. The boxplots represent

the 25th (q1) and 75th (q3) percentile of the sample with the median in the middle.

The whiskers are calculated according to the definitions q3 + 1.5 × (q3 - q1) and

q1 - 1.5 × (q3 - q1). The significant difference between distributions was evaluated

with the non-parametric Mann-Whitney U test which is used for two independent

distributions.

3.2.8 Experimental procedure

The pressure in the pressure layer was controlled by four separately adjustable

Flow EZTM pressure regulators (Fluigent) delivering pressures up to 7 bar. The

fluid was pressurized using 2 ml P-CAPs (Fluigent). In addition, the fluid flow

inside the fluid layer was controlled by a high-precision syringe pump (Nemesys,

Cetoni) with a 500 µL glass syringe (Agilent). The syringe was connected to the

microfluidic chip by 60 cm Tygon tubing (Cole Parmer).

The pressure layer was initially filled with DI water by applying a pressure of

500 mbar for 5 minutes. Before starting an experiment, the fluid layer was filled

and coated with a 4% BSA solution (Sigma Aldrich). The solution was introduced

at 200 mbar until all bubbles were forced out through the gas permeable PDMS.

After degassing, the device was incubated in the BSA solution for 30 minutes.

The magnetic beads with antibodies binding IL-10, TNF-α, and VEGF (Thermo

Fisher Scientific, ProcartaPlexTM), respectively, were pooled at stock concentrations

before being introduced into the device. The 7.5 µL bead suspension was pipetted

into a 200 µL pipette tip and placed on the inlet of the device. The other side of

the device (outlet) was connected via tubing to a syringe containing cell media.

By withdrawing 7.5 µL at 3 µL min−1 with the syringe, the bead suspension was

drawn into the interior of the microfluidic device. After all the beads had been

introduced into the chip, the magnetic holder was placed on top of the device and

the bead suspension was slowly squeezed out of the chip at 1 µL min−1 for 20 µL.

The bead capture is defined by a random process; however, due to the continuous

flow, the probability of capturing a bead in a trap was significantly improved. The

100



3.3. Results and discussion

device was then washed at a flow rate of 100 µL min−1 for 200 µL to remove all

beads not captured in the magnetic traps.

Approximately 20 µL of the stained cells were pipetted into a 200 µL pipette

tip and placed on the inlet of the device. By withdrawing 20 µL at a rate of 2 µL

min−1, the cells were introduced into the device and trapped in the hydrodynamic

traps. After 19 µL of the cell suspension was introduced, the pressure valves were

slowly closed with a final pressure of 2000 mbar. The remaining cells outside the

traps were flushed out at 5 µL min−1 for 100 µL. Cells were incubated for 5 hours

at 37 ◦C, 5% CO2, and a humidity of at least 70%. Cells were imaged immediately

after trapping to assess the chamber occupancy and cell integrity. After incubation,

the valves were slowly opened with a constant flow of 10 µL min−1.

The syringe containing cell media was replaced with a syringe containing 1×
washing buffer of the ProcartaPlexTM assay (Thermo Fisher Scientific). Remaining

cells and media were washed out at 100 µL min−1 for 100 µL. Secondary antibodies

of the ProcartaPlexTM assay (5×) were added at 3 µL min−1 for 15 µL, and the

beads were incubated with the antibodies for 30 minutes. The beads were washed

for 100 µL at 5 µL min−1. The SAPE at the stock concentration was added and

washed in the same manner as the secondary antibodies. Prior to imaging, the

ProcartaPlexTM assay reading buffer was aspirated into the device. Finally, the

beads and the chambers were imaged again.

3.3 Results and discussion

3.3.1 Development and optimization of the microfluidic plat-
form

The developed microfluidic platform for quantitative protein detection at the single-

cell level consists of 1084 individual microchambers, which can be isolated by the

activation of pneumatic valves and contain magnetic as well as hydrodynamic traps

(Fig. 3.1a). The method operates as follows: inside each microchamber, specifically

designed cavities in the ceiling and a homogenous magnetic field gradient through-

out the entire device allow the retention of magnetic beads at predefined positions

inside the microchamber (Fig. 3.1b and c,I). The centrally placed hydrodynamic

trap captures single cells between two pillars, which are designed for capture of

cells with diameters in the range of 20 µm to 40 µm (Fig. 3.1c,II). The cell, the bar-

coded beads, and its secreted proteins are isolated from other cells by pneumatic

valves (green). The pneumatic valves are controlled by applying a pressure of up to
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2 bar to the lower microchannel system, which closes the fluid layer and, therefore,

separates each microchamber from its surrounding (Fig. 3.1c,III). After cell isola-

tion and incubation, the valves are opened, and a standard sandwich immunoassay

can be conducted on the beads (Fig. 3.1c,IV). Subsequently, secondary antibodies

tagged with a detection fluorophore bind to the protein of interest, which enables

the quantitative measurements of the protein based on the fluorescence intensity.

Additionally, the beads are fluorescently barcoded, which enables the measurement

of multiple proteins at the same time.

To enable brightfield microscopy, we further optimized the placement of the

magnets to obtain a homogeneous magnetic field across the microdevice (Fig. 3.2).

We simulated various arrangements of magnet geometries and positions to opti-

mize the magnetic flux density in the area of the microfluidic chip (Fig. 3.2c). Based

on these simulations, we designed and 3D printed an optimized magnet frame,

which mounts 14 neodymium magnets above and around the microfluidic chip,

while the central area is left open to enable illumination of the microchamber array

(Fig. 3.2b). Additionally, we added five pins to the magnet frame which connect

to five holes on the microfluidic platform. This guaranteed an exact placement of

the magnets in regard to the microchambers inside the microfluidic device in all

three dimensions. We characterized the bead capture efficiency at the concentra-

tion provided by the manufacturer and at a volume flow rate of 1 µL min−1. Here

we defined the bead capture efficiency as the percentage of the number of traps

containing at least one bead. The bead capture efficiency varied in the range of

82% to 91% with an average of 88% (Fig. 3.2d). The cells were introduced into the

chip after the beads were captured with a flow rate of 2 µL min−1. The capture

efficiency of at least one cell inside a microchamber varied in the range of 40% to

71% with an average of 61% (Fig. 3.2e). The single-cell capture efficiency was lower

at an average of 35%, which is primarily due to the propensity of macrophages

to cluster in the hydrodynamic traps. Although the probability of having all bead

types and exactly one cell in a chamber was low (∼3.4%), the platform provided

results from ∼54% (∼585) of all chambers, since chambers with cells co-captured

with one or two types of beads are still useful for single-cell analysis.

3.3.2 Characterization of the bead-based assay

To calibrate the fluorescence signal to the protein level, we established the bar-

code region and the standard dilution curve of various proteins with functional-

ized beads. Every microchamber was imaged in bright field and epifluorescence
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Figure 3.1: Microfluidic platform and procedure for single-immune cell analysis. a) Schematic
abstract depicting the microdevice with microchambers to isolate single cells. We determine
selected proteins secreted from macrophages treated with the supernatant from cancer cells
(Mtreated), and M1- and M2-polarized macrophages. b) Image of the microfluidic platform
with 1084 microchambers filled with fluorescent dyes for visualization. Four separate pressure
inlets, visible at the bottom of the image as green lines, parallelizing four different experimental
conditions on one platform. Left zoomed-in image: Every microchamber has a volume of 0.2 nL
(ø = 110 µm) and can be isolated by pneumatically activated valves. The two-layer microfluidic
PDMS chip is stabilized by pillars (layer separators). Right zoomed-in image: Inside each
microchamber one centrally located hydrodynamic trap is surrounded by six magnetic traps,
i.e., six round indents in the ceiling of the chamber. c) Side view of a microchamber to illustrate
the procedure; I) each magnetic trap captures exactly one magnetic bead and retains it even if
the microfluidic valves are opened. II) The hydrodynamic traps capture single cells depending
on their size. III) The hydraulic pressure valves isolate every chamber from surrounding media
by deflecting a thin PDMS membrane to the ceiling of the microchannel when pressure is
applied. The secreted proteins are captured by the primary antibody immobilized on the bead’s
surface. IV) After washing and adding secondary antibodies and a detection fluorophore,
proteins are quantified based on the fluorescence intensity of the bead.

using an automated microscope (Fig. 3.3a and b). Image analysis was conducted

in an automated fashion with MATLAB. The fluorescence intensities in the far-red

spectrum were used to determine the barcode of the beads (Fig. 3.3c). For pro-

tein quantification based on fluorescence intensity, we conducted experiments with

various protein concentrations to obtain calibration curves (Fig. 3.3d). The limit of

detection (LOD) was determined by adding the average bead intensities with three
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Figure 3.2: Magnet mount and platform characterization. a) The magnets are placed around
the microfluidic chip with the same magnetic pole directed towards the centre to increase the
magnetic flux density in the region of the chip. b) A 3D-printed magnet mount holds the
magnets 4.5 mm above the microfluidic chip. Five pins are used to place the mount precisely
on the microfluidic chip in reference to the microchambers inside the chip. c) The magnetic
flux density in the z-direction is depicted 4.5 mm below the magnets. It shows a homogeneous
magnetic flux density in the area of the microchambers (black rectangle) which is 4.5 mm below
the magnets. Each light grey rectangle represents a magnet with dimensions of 3 × 4 × 20
mm. d) Occupancy of microchambers with magnetic beads of 6.5 µm diameter. The inset shows
a schematic of a magnetic bead trap. e) Occupancy of cells in the microchambers. The inset
shows a schematic of a hydrodynamic cell trap.
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times their standard deviation at 0 ng mL−1. The LOD for TNF-α was 0.2 ng mL−1

which converts into ∼1250 molecules per single chamber, and the LODs were 1.5

ng mL−1 and 0.5 ng mL−1 for VEGF and IL-10, respectively.

Figure 3.3: Barcoded magnetic beads and calibration curves. a) Microscopy images of a mi-
crochamber containing three magnetic beads with different barcodes. Every image is taken at
different wavelengths to distinguish between the fluorophores inside the beads as well as the
fluorescently tagged detection antibody. The barcode is encoded with fluorophores emitting
in the far-red spectrum (658 nm and 725 nm) whereas the readout fluorophore emits in the
yellow spectrum (590 nm). b) Overlayed images of a microchamber. c) The barcode of a bead is
represented by different intensity ratios in the far-red spectrum. Each region in the 2D plot can
be correlated to a primary antibody on the bead. d) On-chip calibration curves for the three
investigated proteins. The dashed line indicates the limit of detection (LOD).

The ratio between the volumes of the analyte per functionalized bead is dras-

tically different in our microchambers (∼0.2 nL per bead) compared to the bulk

assay (∼8 nL per bead). Therefore, at the same protein concentration, the number

of analytes per bead is 40 times less than in the 96 well plate, resulting in a 40 times

lower LOD. Taking this factor into account, the LOD reached on-chip is comparable

to the LOD provided by the supplier. The results demonstrate that detection at low
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concentrations is possible, and we can reliably distinguish between different protein

levels up to a concentration of several hundred ng mL−1. Based on the calibration

curves, we can quantify the number of proteins the cell secretes by correlating the

fluorescence intensity to the protein concentration.

3.3.3 Confirmation of the cell viability

The metabolic activity of entrapped cells on-chip was tested by adding

alamarBlueTM to the media shortly before introducing them into the microfluidic

device (Fig. 3.4a). The cells inside the microchamber reduced the resazurin of the

alamarBlueTM to resorufin which is brightly fluorescent in the yellow spectrum.

Resorufin was contained in the microchamber and up-concentrated because of the

isolation of the cells and their secretion product. The images were taken 30 min-

utes after capturing and isolating the cells, which yielded a clear difference between

chambers containing a cell or no cell (Fig. 3.4a). This implied that the cells were

alive and still metabolically active after capture and isolation. Furthermore, this

result showed that the microchambers isolated the cells and prevented the leakage

of alamarBlueTM from one chamber to the next. This was additionally confirmed

by secretion measurements of chambers containing at least one cell and chambers

without any cell (Fig. 3.7). The chambers without cells showed readouts below the

detection limit of the assay implying no cross contamination of the pneumatically

activated valves from the highly secreting cells in neighbouring chambers.

Figure 3.4: On-chip metabolic activity and cell viability. a) alamarBlueTM , a fluorogenic assay,
was used to visualize the metabolic activity of the cell on-chip. b) The cell viability on-chip was
established by observing the membrane permeability with a live cell stain (blue) and a stain for
ROS (green), n = 663.
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We measured the intracellular reactive oxygen species (ROS) of macrophages in

bulk culture (off-chip) and isolated them in microchambers (on-chip) to analyse the

stress response of the cell after capturing and compartmentalization (Fig. 3.8). The

ROS level of the cell in the bulk culture is slightly higher than in the cells captured

in the microchambers. This is largely due to unspecific ROS contained in the media

which increases the overall readout signal. For automatic cell recognition, we added

a viability stain to brightly stain living and membrane-intact cells. Both stains were

utilized to establish the membrane permeability of the cells over an extended period

(Fig. 3.4b). The cells with a permeable, leaky membrane showed no fluorescence

after more than 5 hours whereas the cells with an intact membrane showed a still

high fluorescence signal. After this incubation time, 92% of the cells had an intact

membrane.

3.3.4 Polarization of the macrophages

Unpolarized macrophages were derived from the THP-1 cell line and further ac-

tivated to the M1 phenotype and the M2 phenotype by adding INF-γ/LPS and

IL-4/IL-13 for 12 h, respectively (Fig. 3.5a). We were able to distinguish the differ-

ently polarized macrophages based on their secretion profile measured in the bulk

culture media (Fig. 3.5b, Fig. 3.9 and Fig. 3.10). As expected, the M1 macrophages

show an increased secretion of TNF-α (p < 0.001) whereas the M2 macrophages

secrete more IL-10 (p < 0.001) compared to the unpolarized macrophages (control).

All three phenotypes secreted VEGF, with secretion highest in the M1 macrophages.

This is interesting, as VEGF promotes angiogenesis and hence tumour growth. Our

observation is in accordance with prior findings. The use of LPS for polarization

has been shown to lead to increased VEGF secretion (see also Fig. 3.10 depicting

the results for alternative polarization conditions)[34].

3.3.5 On-chip secretion studies

Next, we captured, isolated, and incubated the polarized macrophages on the mi-

crofluidic platform and measured the secreted signalling proteins from single cells

(Fig. 3.6a and b). Due to the extreme sensitivity of the platform, we were able to

characterize the macrophages according to their polarization. The M1 macrophages

show a high TNF-α secretion (median: 2.23 ng mL−1) as in the bulk culture and are

clearly distinguishable from the M2 macrophages based on this secretion. In con-

trast, the secretion of IL-10 by the M2 macrophages (median: 0.78 ng mL−1) is not

significantly higher than that of the M1 macrophages (median: 0.75 ng mL−1). The
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Figure 3.5: Macrophage differentiation. a) Microscopy images of unpolarized macrophages
(control) (I), M1 macrophages (II), and M2 macrophages (III) (green: ROS stain, blue: live cell
stain). The scale bars in the images are 100 µm and in the insets 50 µm. b) Protein secretion of
the differentiated macrophages evaluated with an on-bead immunoassay from the bulk culture
supernatant (N = 3, pooled).

reduced IL-10 secretion of the M2 macrophages can be explained by the isolation of

single cells, preventing the effect of paracrine signalling from the bulk population,

which can impact the secretion of signalling proteins [35].

Additionally, we incubated unpolarized macrophages in the up-concentrated

supernatant of breast cancer cells (MCF-7 cell line) to simulate the impact of the

TME on the polarization of macrophages [36]. These macrophages show a protein

pattern similar to M2 macrophages with a significantly increased expression of all

measured proteins (median IL-10: 1,12 ng mL−1, TNF-α: 1.43 ng mL−1, VEGF: 4.81

ng mL−1). Notably, the MCF-7 secretome is missing the factors commonly used to

polarize macrophages (i.e., INF-γ, IL-4, and IL-13) [3]; however, it contains a high

level of VEGF (Fig. 3.11). In the TME, VEGF secreted from the cancer cells supports

the recruitment of macrophages, which are subsequently polarized towards M2-

like macrophages (TAMs) [37, 38]. Therefore, we hypothesize that the VEGF from

MCF-7 cells is a factor that is involved in the polarization of the macrophages

towards TAMs. In addition, and in line with previous observations [36], TAMs

secrete in turn higher amounts of VEGF when polarized in VEGF-containing media

compared to polarization in VEGF-depleted media.
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Figure 3.6: The macrophage characterization based on single-cell protein secretion. a) The
proteins secreted by captured and isolated macrophages were measured with an immunoas-
say. The grey datapoints show secretion values below the detection limit (n ≥ 114). M1
macrophages and M2 macrophages are polarized by the addition of defined signalling fac-
tors, whereas macrophages polarized by the culture medium from cancer cells are denoted
as Mtreated . b) A microscopy image of an example microchamber containing one macrophage
with three different bead types. c)-e) show the multiplex expression of the proteins from single
macrophages (n ≥ 47, n ≥ 74, and n ≥ 66). The colour overlays are the regions in which most
of the datapoints of the corresponding cells are located. Outliers are not depicted (Fig. 3.12
includes all datapoints).

Multiplexed analysis highlights the correlations between signalling molecules

in individual cells, which is only possible by single-cell analysis. (Fig. 3.6c-e and

3D plot in Fig. 3.13). Secretion of the tumour suppressive protein TNF-α is upregu-

lated when the tumour-promoting proteins IL-10 and VEGF are low (Fig. 3.6c and

d). Conversely, the tumour-promoting proteins IL-10 and VEGF are more highly

expressed in cells that do not express the tumour-suppressive protein TNF-α. The

M2 macrophages mostly secrete either IL-10 or VEGF at higher amounts but not

at the same time which indicates that there are at least two subpopulations of M2

macrophages. This contrasts with the macrophages treated with the breast cancer

supernatant (Mtreated) which mostly secreted both at the same time (Fig. 3.6e).

These results demonstrate that our system is well suited to analyse low-

abundance secreted proteins at the single-cell level, which we showed by distin-

guishing between polarized macrophages. The hydrodynamic traps enabled the

tag free capture of single cells whereas the optimized magnet mount permitted
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the simultaneous retention and observation of the beads and cells. The capturing

of magnetic beads in small cavities facilitated the automation of imaging and im-

proved signal acquisition. The developed platform showed its capability to study

macrophages subjected to cancer cell-derived signalling factors which will deepen

the understanding of cell-to-cell signalling and the role of macrophages in tumour

progression. However, the limitation of the platform was the random trapping of

beads in the small magnetic traps, which can be improved by increasing the number

of magnetic traps per chamber or increasing the bead concentration.

3.4 Conclusion

Macrophage polarization towards TAMs as well as the resulting changes in the sig-

nalling proteins is a highly complex process. It is well-known that macrophages

are not a uniform population, and detection of subpopulations requires analysis at

the single-cell level. Here, we introduce a microfluidic method for capturing po-

larized macrophages and the analysis of selected signalling proteins. As we isolate

cells, paracrine signalling is prevented at the time of accumulation of the signalling

proteins. We confirm that M1, M2, and macrophages treated with the supernatant

from cancer cells can be distinguished by their secretion profile, but we also find

a very heterogeneous population on the individual cell level with cells secreting

at high levels and others without detectable signalling proteins. Besides the anal-

ysis of macrophages, the microfluidic device is very versatile and can be used for

other cell types and the analysis of other secreted factors or exosomes at the single-

cell level. The combination of hydrodynamic traps for size-based cell capturing

and magnetic traps for immobilization of beads enables efficient co-encapsulation

of cells and functionalized beads. The high sensitivity of immunoassays in a pL

chamber allows for accumulation and quantification of proteins secreted at very

low levels. There is a growing library of commercially available magnetic beads

with many different barcodes for numerous targets. Coupled to the method pre-

sented herein, this will allow for multiplexed and quantitative measurement of a

variety of different signalling proteins at the single-cell resolution.
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3.7 Supplementary information

Figure 3.7: Protein secretion measured in chambers containing at least one cell compared to
chambers containing no cell in the same microfluidic chip. The signal in chambers without a
cell is very low. We also do not observe diffusion of analytes from a cell-occupied chamber to
an adjacent empty chamber, when the pneumatic valves are closed.

Figure 3.8: The ROS level in the cells was measured in bulk (off-chip) and in the microchambers
(onchip) with CellROXT M Green.
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Figure 3.9: Calibration curves of the three target proteins measured in a volume of 50 µL on a
plate reader. The LODs of the proteins are 0.015 ng mL−1, 0.01 ng mL−1, and 0.015 ng mL−1 for
IL-10, TNF-α, and VEGF, respectively

Figure 3.10: Secretion of IL-10, TNF-α, and VEGF from macrophages polarized with different
compounds according to the protocol in the main manuscript.
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Figure 3.11: Off-chip secretome analysis of the breast cancer cell line MCF-7.

Figure 3.12: Multiplex expression of the proteins from single macrophages. The plotted data is
the same data as in Figure 6c-e including all the outliers.
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Figure 3.13: Single-cell secretion profile of polarized macrophages and macrophages treated
with supernatant from cancer cells (Mtreated). The secretion levels of macrophages are depicted
for microchambers, where a single cell was co-encapsulated with all three types of beads. Green
symbols: M1-polarized macrophages (n=24), red symbols: M2-polarized macrophages (n=68),
yellow symbols: Mtreated (n=45).
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Macrophages play a critical role in the development of the tumour microen-

vironment (TME). Recruited macrophages are affected by secreted proteins from

the TME to differentiate predominantly into a tumour-supportive phenotype of

macrophages. The vast variety of cells and phenotypes in the TME, and the

even more complex signaling between cells based on secreted cytokines, requires

novel tools to quantify proteins secreted from single cells. Here, we have devel-

oped a wells-in-well array for the multiplexed analysis of secreted proteins of up

to 105 single cells. We use a cyclic olefin copolymer (COC) device with more than

100’000 wells, each of which has seven smaller indents for co-capturing function-

alized beads. These barcoded beads capture cytokines of interest and allow their

quantitative analysis by sandwich immunoassay. The microwell array is oper-

ated using only standard laboratory equipment such as pipettes and microscopes.

With the developed device, we were able to characterize profiles of secreted pro-

teins and investigate the impact of different stimuli on the secretion pattern. We

found that interleukin 1β (IL-1β), IL-8, and macrophage inflammatory protein

1α (MIP-1α/CCL3) were highly secreted by more than 43% of the macrophages

with an increase of MIP-1α when stimulated with the chemotherapeutic drugs,

paclitaxel or docetaxel. Multiplexed measurements confirmed co-secretion of IL-

1β and IL-6 in the macrophages stimulated with IL-4/IL-13 which prove that the

developed device is capable to facilitate the search for novel drug targets. In

summary, we showed that the developed device is an easy-to-use analytical tool

that can be applied in basic research, diagnostics, and personal medicine.

4.1 Introduction

Macrophages, an important part of the immune system, use paracrine signalling

of cytokines to activate various functions of the immune system [1]. Specifically,
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in the tumour microenvironment (TME) macrophages play a crucial role [2]. The

highly plastic macrophages can respond to stimuli from their environment and

adapt their phenotype accordingly [1, 3]. The heterogeneity of the TME results in

diverse stimuli for individual macrophages resulting in a range of different phe-

notypes. Two extreme phenotypes of macrophages are well studied in the TME:

the pro-inflammatory phenotype, also known as M1 macrophages, have an anti-

tumoural impact on the tumour progression and the anti-inflammatory phenotype,

also known as M2 macrophages, have a pro-tumoral impact [3, 4]. Undifferentiated

macrophages are polarized to the M1 phenotype by stimuli such as lipopolysaccha-

ride (LPS) and interferon γ (INF-γ) whereas interleukin 4 (IL-4) and IL-13 stimu-

lates macrophages towards a more M2-like phenotype [3, 5]. M1 macrophages se-

crete mainly pro-inflammatory proteins such as IL-1β, IL-6, IL-8, or tumour necrosis

factor α (TNF-α) whereas M2 macrophage secrete cytokines such as macrophage

inflammatory protein-4 (MIP-4/CCL18) or vascular endothelial growth factor A

(VEGF) [3, 5–7]. Macrophages are known to adapt to stimuli from the TME but

also change their phenotype in response to various anti-cancer drugs [4, 8, 9]. Re-

cently, it was shown that taxanes, a chemotherapeutic drug against various cancer

types, change the macrophages towards the pro-inflammatory phenotype, aiding

the tumour regression [9]. Here, we investigate the secretion profile of the highly

plastic macrophages at the single-cell level in response to anti-cancer drugs which

is important for the development of innovative and efficient cancer treatments.

Microfluidic technology provides well-suited tools for the analysis of secreted

proteins at the single-cell level [10, 11]. To prevent cross-contamination between

cells, the individual cells are completely isolated from each other, e.g., by means of

(i) droplet microfluidics [12–18], (ii) microchambers [19–23], or (iii) microwells [24–

28]. (i) In droplet microfluidics, single cells are encapsulated in water-in-oil emul-

sions, and cytokines secreted from the cells are accumulating within the aqueous

droplets. The fluorescence readout is usually based on a re-localisation immunoas-

say capturing the secreted proteins on functionalized microspheres [12, 14] or mag-

netic nanoparticles [15, 17, 18]. Mostly, all reagents are encapsulated during droplet

generation enabling time resolved secretion measurements from the cells [15, 18].

(ii) In contrast, microchambers isolate single cells in closed compartments and spa-

tially separate the cells. A highly versatile and flexible method to segregate single

cells uses actively controlled pneumatic valves, shaped like a ring, to form a round

microchamber with a cell trapped in its centre [19, 21–23]. The precise control of the

fluid flow enables specific reagent exchange and washing steps for more sophisti-

cated assays. In recent studies, commercially available barcoded beads were intro-
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duced to enable multiplexed on-bead immunoassays inside of microchambers [21,

22]. (iii) Microwells can be realized in different ways. A well-developed platform,

the single-cell barcode chip (SCBC), stochastically captures cells in PDMS wells and

seals them with a glass slide [19, 20, 29, 30]. The glass slide is patterned with an

antibody barcode enabling multiplexed measurements of up to 42 proteins from

each cell [20]. The secreted proteins are up-concentrated in the small volume of

the microchambers and are quantified by a sandwich immunoassays. A novel tech-

nology, lab on a particle, was recently developed to measure cytokines secreted by

single cells trapped on a cavity-containing hydrogel particle [31, 32]. The hydrogel

particles containing the cells can be encapsulated in oil, washed, and sorted based

on the protein secretion. Open microwells have a high throughput and are gener-

ally easy to operate [24, 25, 27, 28]. The cells are captured and held in place by

gravity in the open well-like compartments. The secreted proteins are captured in

proximity of the cell either on the surface of the microwell [25, 27] or the surface of

a co-captured bead [26, 28].

In this study, we developed and optimized a ultra-high density, easy-to-use mi-

crowell array for the quantitative measurement of secreted cytokines from individ-

ual macrophages and investigated their phenotype in response to various stimuli.

The microwell array consists of 100’992 hexagonal wells, with a density as high as

415 wells per mm2. We integrated smaller wells in the larger well to co-capture

single cells and magnetic beads. Cells and beads remain at these defined sites,

which allows for fast imaging and simplifies the data analysis. Multiple secreted

proteins from cells are measured using a commercially available on-bead sandwich

immunoassay at levels down to 1136 molecules per well. With the proposed system,

we showed the secretion pattern of macrophages at the single-cell level, studied the

impact of anti-cancer drugs, and explored the correlation between more than 40

pairs of proteins.

4.2 Results and discussion

4.2.1 Development and characterization of the microwell array

The developed microfluidic system contains 100’992 individual wells to analyse the

secreted proteins from single cells with an on-bead immunoassay (Fig. 4.1). The

wells are spatially separated in eight distinct areas which are suited to conduct dif-

ferent experimental conditions in parallel (Fig. 4.2a). Between the areas, a drainage

system was introduced which consists of 250 µm wide trenches. Each condition
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Figure 4.1: Conceptual abstract of the developed well-in-well microarray device for the quanti-
tative analysis of secreted proteins from single cells. Functionalized magnetic beads are pipet-
ted into the 100’992 wells. Individual cells are isolated with the functionalized beads and
incubated in up to eight different conditions. The secreted proteins are captured with a multi-
plexed on-bead immunoassay, imaged by a fully automated microscope, and finally quantified
by an image analysis software.

contains 12’624 hexagonal shaped wells with a side length of 20 µm. The wells are

separated by a thin wall of 20 µm on every side resulting in a well density of 415

wells mm−2. Each well contains seven indents (∅ = 7.5 µm) to capture and retain

magnetic beads with a diameter of 6.5 µm. Initially, the beads are loaded on each

condition of the device by pipetting (Fig. 4.2b). A magnet, which is placed beneath

the device, prevents the magnetic beads from escaping the magnetic traps. After

washing, the cells are introduced with the same method. The device is submerged

in a fluorinated oil bath and the wells are isolated by removing the excess aqueous

phase with a pipette. For the incubation and imaging of the cells, the device is

rotated 180ř and placed on the microscope. To perform the immunoassay after the

incubation, the device is removed from the oil bath, all cells are washed away, and

the secondary antibody mix and readout fluorophore are pipetted on each condi-

tion. Finally, the device with the beads is imaged upside down.

We characterized the developed device regarding well occupancy with beads

and cells; the bead retention during washing steps; cross contamination between

conditions and individual wells; and the cell viability and metabolic activity on the

device (Fig. 4.3). The number of captured beads per well increases with the bead

concentration (Fig. 4.3a). At the maximum tested concentration of 5.5×106 beads

per millilitre, 90% of all wells contains at least one bead with the highest probabil-
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Figure 4.2: Design and workflow of the well-in-well microarray device. a) Microscopy images
of the microwell array. Each device contains 100’992 hexagonal wells which are designed to
achieve a high well density and favour single-cell capture. In each well, seven small indents
are utilized to co-capture functionalized magnetic beads to immobilize and analyse secreted
proteins. The device is designed to perform up to eight different experimental conditions at
the same time. The scale bars represent 4 mm, 1 mm, 40 µm, and 20 µm. b) i] The commercially
available magnetic beads are pipetted on the device and retained by a magnet placed beneath
the microarray. ii] The cells are pipetted on each condition area and captured by the hexagonal
cell traps. iii] The wells are ’sealed’ by placing the microwell array in an HFE oil bath and
removing the excess aqueous solution. During the incubation, the device is turned around and
imaged by an inverted microscope. iv] The oil is removed, and the device is turn back around
to perform the immunoassay with the magnetic beads. v] Finally, the beads are images with a
fully automated microscope.

ity (20%) of having four beads in one chamber (Fig. 4.3b). The capture efficiency of

beads solely relies on the concentration of beads used and can be adapted accord-

ing to the experiment conducted. We observed the same pattern with the capture

probability of the cell number in each well (Fig. 4.3c). At a concentration of 1×106

cells per millilitre, a third of all wells contain a single cell. However, at concentra-

tions above 1×106 cells per millilitre, the probability of capturing two cells in one

well increases proportionally more than the probability of capturing only a single

cell. At the highest concentration of cells, 93% of all wells contain at least one cell

and up to 69% at a concentration of 1×106 (Fig. 4.3d). We imaged the beads of a

device before and after several washing steps and evaluated the read retention after

each step (Fig. 4.3e). We found that the bead retention is around 99% implying that

all beads are retained during the washing procedure. The slight mismatch (∼1%)

is mainly due to image processing errors during the data evaluation.

A critical parameter of microwell arrays is the isolation of each well preventing
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Figure 4.3: Platform characterization. a)-b) The probability of the captured bead number in
each well (a) and the probability of occupied wells with at least one bead (b) as a function of
the bead concentration. c)-d) The probability of the captured cell number in each well (c) and
the probability of occupied wells with at least one cell (d) as a function of the cell concentration.
e) The bead retention after several washing steps. f) Calcein AM intensity measured over 4
hours to show well-to-well isolation. Empty wells contain no cell whereas dyed wells contain
membrane permeated cells (dead) stained with Calcein AM. g) Fluorescence signal of IL-8 was
measured in pure media (Control), wells containing no cells (Empty) and wells containing
metabolic active cells (Alive Cell). h) alamar BlueTM intensity shown for alive and dead cells
for the duration of 4 hours. g) Cell survival over a period of 4 hours depending on the number
of cells in the each well.
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cross-contamination between a well and its neighbouring wells. We examined the

Calcein AM concentration of wells containing no cell (empty) and wells contain-

ing dead cells (dyed) over the duration of 4 hours (Fig. 4.3f). During this time, no

leakage from dye containing wells to empty wells could be observed. Addition-

ally, we analysed wells containing highly secreting cells and neighbouring empty

wells (Fig. 4.13c). The neighbouring empty wells have a protein readout below the

limit of detection (LOD) which implies that the proteins are isolated in each well

and show no cross contamination to adjacent wells. However, evaluating all empty

wells of an experiments results in a background slightly higher than a control (pure

media) condition (Fig. 4.3g). Due to our sensitive system, the immunoassay detects

proteins secreted by the cells during washing and cell handling before they are iso-

lation into the microarray wells. To compensate for this, we evaluated the protein

concentration by calculating the difference between empty and target wells. The

separation of each condition was demonstrated filling each condition with two flu-

orophores in alternating order (Fig. 4.13b). The fluorophores are contained in the

drainage system around the conditions but do not spread to adjacent condition due

to the design of the drainage system.

We investigated the viability and the average cell survival on our device for four

hours. We observed that cells which are alive (non-permeated membrane) show an

increased alamarBlueTM intensity compared to cells which are declared dead (per-

meated membrane) (Fig. 4.3h). Initially, 99% of cells are alive on chip (Fig. 4.3i).

After two hours, 75% of cells in single-occupied wells are still alive and the cell

viability drops further drastically. The survival of cells is even lower, when three

cells are isolated in the same chamber. We assume that this high mortality rate is

due to the limited volume of media inside each well. In standard cell culture, every

cell is suspended in average in ∼5 nL of medium. In the microwells each cell as

only 62 pL, reducing the total amount of nutrients available for the cell. This limits

the required nutrition inside the wells which prevents cells from surviving for a

long period of time inside the wells. Hence, our small medium is a compromise to

reduce volumes and footprint of the device and maximum duration of the exper-

iments. For longer measurements, the volume should be increased to maintain a

longer cell viability.

4.2.2 Characterization of the on-bead sandwich immunoassay

The commercial bead assays (ProcartaPlexTM , Thermo Fisher Scientific) were char-

acterized on the platform for the 10 target proteins VEGF, MIP-4, IL-1β, IL-6, IL-8,
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IP-10, TNF-α, OPN, MCP-1, and MIP-1α (Fig. 4.4). Because we have seven traps per

well, not all proteins can be measured from each single cell at the same time. How-

ever, every bead combination of 4 and below appeared relative often resulting in

statistical correlations between the target proteins. The fluorescence intensity com-

bination of two far-red fluorophores resulted in the barcode which defines every

bead type (Fig. 4.4a). The barcode correlates to the primary antibody conjugated

on the surface of the bead and the protein concentration was determined by the flu-

orescence intensity in the yellow spectrum (phycoerythrin, PE). The barcode clas-

sification was based on a trained convolutional neural network (CNN) (Fig. 4.4b).

The network was trained with thousands of bright field and fluorescence images of

beads to be able to assign each bead a barcode and, therefore, the corresponding

protein (Fig. 4.4c). For the calibration curve, seven known concentrations of the

proteins were measured with the bead assay on the device . The limit of detection

(LOD) reaches from 0.289 ng mL−1 (MIP-4) to 9.58 ng mL−1 (TNF-α) and strongly

depends on the analysed protein. Because of the small volumes of the microwell,

the LOD is lower in terms of the concentration compared to the bulk assay; how-

ever, in absolute molecule numbers, the LOD of the assay, specifically of MIP-4,

IL-1β, and MIP-1α, was below 1450 molecules (Fig. 4.11).

4.2.3 Secretion profile of single macrophages

Next, we analyzed protein secretion of macrophages. We used a cell concentration

of approximately 1.5 million cells per millilitre that leads to ca. 60% occupancy

of the wells. After distribution of the macrophages on the chip, we incubated the

sealed chip for 2 h. Afterwards, the concentrations of the 10 target proteins (VEGF,

MIP-4, IL-1β, IL-6, IL-8, IP-10, TNF-α, OPN, MCP-1, MIP-1α) are determined using

the protocol described above. The wells contain between 1 to 6 beads of random

type so that at least 38’202 or 38% of wells with contain a macrophage and one

target protein-capturing bead. Of note is that we used also wells with a macrophage

and two beads of the same type, where the signals from the beads were averaged.

The measured fluorescence signal of beads co-incubated with unpolarized

macrophages (MΦ) strongly depends on the target protein of the bead (Fig. 4.5a).

In some cases cases the measured intensity is above the LOD for the majority of

cells; IL-8 (59%), IL-1β (57%), and MIP-1α (59%). In contrast, the relatively high

LOD of OPN and the low secretion of VEGF, MIP-4, IL-6, IP-10, TNF-α, and MCP-1

results in a low number of beads exhibiting fluorescence above the LOD. Based

on the calibration curves, the fluorescence signals are converted to the secreted
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Figure 4.4: Bead assay characterization. a) Images of a single well containing five different bead
types. The two fluorophores in the red spectrum are used to determine the barcode of the beads,
while the intensity of the yellow fluorophore quantifies the respective protein concentration in
the well. Scale bar: 20 µm. b) The barcode and thereby the protein of each bead is determined
by a convolutional neural network (CNN) which classifies each bead based on its bright field
and fluorophore images. c) Example classification of one experiment based on the CNN. d-e)
Example calibration curve of the proteins IL-1β and IL-8. The LOD is calculated by adding
three times the standard deviation to the mean of the control.
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protein concentrations (Fig. 4.5b). The MΦ macrophages are compared to MΦ

macrophages that were stimulated with LPS/INF-γ to differentiate them to the

pro-inflammatory phenotype (M1) and to the anti-inflammatory phenotype (M2)

that were obtained by treating MΦ macrophages with IL-4/IL-13 (Fig. 4.5b/c). The

secretion of the pro-inflammatory cytokine IL-8 is significantly higher for M1 differ-

entiated macrophages (8.6 ngmL−1) compared to MΦ macrophages (4.9 ngmL−1).

Other pro-inflammatory proteins such as MCP-1, MIP-1α, and TNF-α are higher se-

creted as well but but statistical analysis indicated that the increase in not significant

(α = 0.05). The higher secretion of pro-inflammatory proteins agrees with previous

observations for macrophages stimulated with LPS and/or INF-γ [20, 33–35]. In

contrast, M2 differentiated macrophages exhibit lower secretion of IL-1β, IL-8 and

IP-10 compared to the MΦ macrophages. The number of cells secreting over the

LOD show the same relative results as the concentration measurements (Fig. 4.5d).

Additionally, we calculated the average secreted molecules over two hours for all

proteins and stimulation conditions (Fig. 4.5e). The proteins IL-8, TNF-α and OPN

belonged to the most secreted proteins across all stimulation conditions with the

highest secretion of IL-8 and TNF-α by the LPS/INF-γ treated MΦ macrophages.

MΦ were also treated with two different drugs used in chemotherapy to treat

various types of cancer, paclitaxel (PTX, Taxol) and docetaxel (DTX, Taxotere)

(Fig. 4.5b/c) [8, 9]. MΦ macrophages treated with DTX showed a significant in-

crease in MIP-1α secretion compared to the MΦ macrophages but no increase of

IL-8 or IL-1β secretion, which was observed previously in bulk experiments [8].

A similar but slightly weaker increase of MIP-1α secretion can be seen by MΦ

macrophages treated with PTX (Fig. 4.5c/d). A similar increase in in MIP-1α was

measured by Wanderley et al. after two doses of PTX over 48 hours [9]. The MIP-1α

is an inflammatory chemokine regulating the immune cell trafficking around the

TME and is associated with a pro-tumoural function in the TME [36–38]. Based on

our findings, the investigation of a combinatorial drug treatment that is reducing

the secreted MIP-1α concentration during paclitaxel or docetaxel drug treatment

with a MIP-1α antagonist is of great interest.

4.2.4 Multiplexed analysis of secreted cytokines

The multiplexed analysis of single cells exposes the correlation between different

proteins. Since we have approximately 14% of wells where two beads of different

type are co-encapsulated, we can reveal if the proteins are co-secreted (+/+), only

one protein is secreted above the LOD (+/-, -/+), or both proteins are secreted be-
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Figure 4.5: Protein secretion from single cells. a) The readout fluorescence intensities measured
for the ten target proteins secreted by MΦ macrophages. Every datapoint represent the readout
of one single cell. (N = 1, n = 1, ntotal = 2’520) b) MΦ macrophages are stimulated off-chip
for one hour with different stimuli. The average protein concentration secreted by single cells
over two hours was evaluated for all target proteins. (N = 3, n = 4, ntotal = 41’753) c) The
average secreted protein concentration depicted for selected proteins. d) The percentage of cell
secreting over the LOD shown for selected proteins and different stimulation conditions. e) The
average secreted molecule number for each protein and condition averaged over all single cell
of all measurements (n ≥ 401). N = number of experiments, n = number of conditions, ntotal =
number of cells.

low the LODs (Fig. 4.6a). The percentage of co-secreting MIP-1α and IL-8 single

cells drastically changes based on the stimulation of the macrophages (Fig. 4.6b).

LPS/INF-γ stimulation results in a high co-secretion (76.9%) whereas the stimula-

tion with IL-4/IL-13 leads to half the co-secretion (31.6%). Interestingly, the ratio

of only MIP-1α secreting cells compared to only IL-8 secreting cells changes dras-

tically from around 1:1 in case of MΦ and MΦ+LPS/INF-γ to 14:1 in the case of

IL-4/IL-13 stimulation. This implies that the relative percentage of secreting MIP-

1α cells increases while the percentage of IL-8 secreting cells decreases. In contrast,

in the case of IL-1β and IL-8 the stimulation with LPS/INF-γ results in a 1:11 ratio

between IL-1β to IL-8 secreting cells. Even though this classification depends on the
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LOD of our device, it is a qualitative method to compare the change of percentage

in each region depending on the stimulation of the macrophages.

Figure 4.6: Pairwise correlation analysis. a) IL-1β secretion plotted versus IL-8 concentration
of single cells. Each cell is classified by its secretion level: secreting both proteins (top right),
secreting only one (top left, bottom right), or none (bottom left). (n = 386) b) The percentage of
cells in each classification region shown for different stimulations and selected protein pairs. c)
The pair wise correlation matrix and their significance for MΦ+LPS/INF-γ and MΦ+IL-4/IL-13
macrophages are shown for all measured proteins. d) Volcano plot of the correlation coefficient
between the proteins. The significance level of 0.05 is shown by the dashed line.

The pair-wise correlation coefficient matrix reveals the secretion relationship

between all proteins for each stimulation condition (Fig. 4.6c). Specifically, the

correlations of TNF-α, VEGF, and OPN with most other proteins changes with

the stimulation of the macrophages. Noteworthy is the change from the mainly

negative correlation when stimulated with LPS/INF-γ to the positive dominating

correlations when stimulated with IL-4/IL-13 indicating the co-secretion of these

proteins. The stimulation with IL-4/IL-13 corresponds to M2-like macrophages

which are known for their pro-tumoural function in the TME [4]. A high level

of VEGF, OPN and/or TNF-α in the TME is associated with poor tumour pro-

gression [39–41]. To visualize the different correlations and their significance, we
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created a volcano plot highlighting the significant protein pairs (Fig. 4.6d). The

pro-inflammatory protein pair, IL-8/MIP-1α, is positively correlated independent

of the stimulation condition. However, we found a significant positive correlation

between IL-1β and IL-6 by macrophages treated with IL-4/IL-13 (0.55) compared

to no correlation (0.018) by macrophages treated with LPS/INF-γ. It was shown

that IL-6 is a pro-tumorigenic agent and is induced by IL-1β [42]. By blocking the

IL-1/IL-6 pathway, the overall patient survival of multiple myeloma patient could

be increased [42]. The same correlation change can be seen in the pro-tumoural

protein pairs TNF-α/OPN and OPN/MCP-1. Interestingly, the treatment with pa-

clitaxel results in an even higher correlation between OPN/MCP-1 compared to

the IL-4/IL-13 treated macrophages. This suggests that OPN/MCP-1 is a potential

drug target for a combinatorial treatment with taxanes.

Figure 4.7: Multiplexed protein secretion from single cells. a-d) The t-SNE algorithm was used
to generate a 2d representation based on the secretion of IL-1β, IL-8 and TNF-α (a, n = 555),
IL-1β, IL-8 and MIP-1α (b, n = 360), IL-1β, TNF-α, and MIP-1a (c, n = 442), and IL-8, TNF-α, and
MIP-1α (d, n = 445). Each data point originates from an individual cell and the colour indicates
the stimulation condition. e) T-SNE representation of all four proteins (IL-1β, IL-8, TNF-α, and
MIP-1α).

We investigated the multiplexed secretion of IL-1β, IL-8, TNF-α, and MIP-1α in

more detail by reducing the number of different bead types to four and, therefore,

increasing the probability of having wells with one cell and three or even all four

target proteins. The secreted proteins are projected onto a two-dimensional map us-

ing the t-distribution stochastic neighbour embedding (t-SNE) algorithm (Fig. 4.7).
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The pro-inflammatory macrophages (red) cluster shows a distinctive cluster com-

pared to the other stimulation conditions; specifically, to the anti-inflammatory

(yellow) and docetaxel treated (green) macrophages. This clustering is visible for

all combinations of proteins and indicates that the pro-inflammatory macrophages

have a more distinct phenotype with respect to the selected proteins. In contrast,

no clear clustering of the native (blue), anti-inflammatory (yellow), and docetaxel

treated (green) macrophages can be seen.

Despite the reduction of the target proteins, the number of wells with one cell

and all four beads was low (n=57 wells in total). Nevertheless, the same visualiza-

tion indicates again a cluster of pro-inflammatory cells, while the otherwise treated

macrophages and the native macrophages are scattered (Fig. 4.7e).

Our results demonstrate that the developed wells-in-well microarray is a highly

parallelized, versatile, and easy-to-use microfluidic device with the capability to

investigate a large population of single cells. We showed that the device can detect

low numbers of proteins in each well based on an on-bead sandwich immunoassay.

The developed device enabled the study of macrophage polarization based on 10

secreted proteins and in depth analysis of the impact of anti-cancer drugs on the

secretion pattern of them.

4.3 Conclusion

We developed a versatile wells-in-well microarray to quantitatively measure se-

creted cytokines from single macrophages. Functionalized magnetic beads are

co-captured with individual cells in more than 105 microwells. The multiplexed,

barcoded, and commercially available beads detect the secreted proteins from the

co-captured macrophages. The magnetic beads are retained in each well by mag-

netic forces, allowing thorough washing, resulting in a highly sensitive immune

sandwich assay with LODs below 1200 molecules per well. A convolutional neural

network was trained to classify each bead to the corresponding protein. With the

microwell array, we successfully characterized and measured 10 different proteins

from thousands of macrophages. We showed the effect of different stimulations on

the secretion of single macrophages including the effect of cancer drugs on the cells.

The most abundant secretion by the macrophages was measured by the cytokines

IL-1β, IL-8, and MIP-1α and the stimulation with LPS/INF-γ resulted in a 76%

increase in the IL-8 secretion. Additionally, we demonstrated that the treatment

of macrophages with the taxanes, paclitaxel and docetaxel, resulted in an increase

of MIP-1α secretion. Moreover, we studied the pairwise correlation between 45
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protein pairs, identifying significant protein correlations. Specifically, our results

indicate the importance of the co-secretion of IL-1β/IL-6 which is a target in a cur-

rent phase II study and of OPN/MCP-1 as a potential drug target for combinatorial

treatment with taxanes. We also analysed combinations of three and four proteins.

To increase the probability to co-capture three or four different bead types plus one

macrophage in one well, we reduced the initial bead mixture to four types (instead

of ten). We found that pro-inflammatory macrophages are more distinct in their

protein secretion profile than the other investigated macrophages with respect to

the investigated proteins IL-1β, IL-8, TNF-α, and MIP-1α. In summary, our results

underline the versatility of our method for obtaining large single-cell data sets, and

we believe that it can be alike employed for other cell types and other cytokines.

4.4 Materials and methods

4.4.1 Wafer fabrication

The microwell device was fabricated by the standard soft lithography process

(Fig. 4.8). The master mould was produced by exposing two layers of SU-8 with

different mask designs. The masks for the different layers were designed in Auto-

CAD (Autodesk) and were fabricated and purchased from Selba S.A. The first layer

contains the pattern for the hexagonal cell traps (height: ∼45 µm) and the second

layer contains the drainage system and magnetic traps with a diameter of 8.5 µm

(height: ∼9 µm). For the first layer, SU-8 3050 is spin coated (2500 rpm) on a dehy-

drated silicon wafer. After 10 min of pre-exposure bake at 95 ◦C, the SU-8 layer is

exposed with 175 mJ cm−2 in a mask aligner followed by a post-exposure bake of 3

min at 95 ◦C. The second layer (SU-8 3005) is directly spin coated on top of the first

layer with a spin coating speed of 5000 rpm. The pre-exposure bake was reduced

to 5 min followed by an exposure of the second layer with 450 mJ cm−2. The post

exposure bake stayed the same. Finally, the device was developed in mr-DEV600

for 15 min and post baked for 2 h at 160 ◦C. The final master mould wafer was

silanized by perfluorooctyl trichlorosilane (PFOTS).

4.4.2 Device fabrication and preparation

The thermoplastic device was fabricated by a hot embossing method developed by

Kling et al [43]. The COC2008 foil with a thickness of 240 µm is placed above the SU-

8 master mould in a compact nanoimprint (CNI) tool (NIL Technology) (Fig. 4.9).

To prevent breaking of the master mould, a silanized silicon wafer and a 1 mm
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thick aluminium plate is placed on top of the COC to homogenously distribute the

applied pressure by the CNI tool on the master mould. Two Teflon sheets prevent

adhesion of the master mould and the aluminium plate to the CNI tool. The hot

embossing was conducted with 6 bar at 145 ◦C for 5 min. The final devices were

cut out and sealed with a scotch tape to reduce contamination and for further use

in the experiments.

Directly before the experiment was conducted and to reduce protein adhesion to

the COC, the conditions were coated with anti-adherence rinsing solution (STEM-

CELL). This was achieved by pipetting 25 µL of the solution on each condition,

placing the device in vacuum for 1 min to fill all wells and incubating the device

for 30 min.

4.4.3 Magnet holder fabrication

The magnetic field was simulated in COMSOL Multiphysics (Comsol, Inc.) to

achieve a homogenous force on the magnetic beads in the microwells. After the op-

timal placement of the magnets was simulated, the holder was designed in SOLID-

WORKS 2018 (Dassault Systèmes, Fig. 4.10), and 3d printed with black poly carbon-

ate (Ultimaker 3). With the help of a plier, 45 quadratic neodym magnets (3×4×8

mm, Webcraft AG) were inserted in the mount.

4.4.4 Cell culture

The THP-1 cell line was cultured in the Roswell Park Memorial Institute (RPMI)

media supplemented with 10% foetal bovine serum (FBS), 1xGLutaMAX and 1000

U mL−1 penicillin and streptomycin. To initiate the macrophage differentiation,

THP-1 cells were cultivated for 24 h in 100 ng mL−1 phorbol 12-myristate 13-acerate

(PMA). After 24 h, the cells were stimulated with either LPS (1 µg mL−1) and INF-

γ (50 ng mL−1), IL-4 (50 ng mL−1) and IL-13 (50 ng mL−1), paclitaxel (Taxol), or

docetaxel (Taxotere) for 1 h.

The cells were detached by washing them in phosphate-buffered saline (PBS)

before incubating them for 15 min in tripLETM . After successful detachment, they

were stained with CellTraceTM Calein AM for 15 min. Before introducing the cells

on the device, 3 washing steps in PBS were conducted.
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4.4.5 Experimental procedure

All different ProcartaPlexTM magnetic beads (Thermo Fisher Scientific) were di-

luted to achieve a final concentration of 5× (50× stock concentration). The beads

were washed two time before used on chip. On each condition, 20 µL of the bead

suspension was pipetted and carefully distributed by up and down pipetting of 10

µL multiple times. The assay washing buffer (1×) was used to wash the beads and

remove all not-trapped magnetic beads from the device. The device was washed

three times with the cell culture media (DMEM, Gibco) to remove all residues of

the washing buffer. Afterwards, 20 µL of the cells were pipetted directly on each

condition. After 2 min settling time on a shaker, the device is immersed in HFE-

7500 Engineered fluid. The residue media is removed from beneath the oil. The

device is turned around and placed on a fully automated microscope. During the

2 h incubation time, the cells were in an environmental chamber which provided

an atmosphere of 5% CO2, a humidity of at least 80% and a temperature of 37 ◦C.

Microscopy images of each condition was taken. After the device is taken out of

the HFE-7500 container, all liquid absorbed by a filter paper (WhatmanTM , Sigma

Aldrich) to prevent cross-contamination between wells. The device is put in 500 mL

of DI water and placed in vacuum for 1 min to refill all wells. After rigorous wash-

ing with washing buffer (1×), 20 µL of the secondary antibodies at a concentration

of 1× were pipetted on the conditions and incubated for 30 min on a shaker at 150

rpm. This was repeated for the streptavidin-PE conjugate to stain the beads. Finally,

the reading buffer (1×) of the assay was pipetted on the device and a microscopy

slide placed on the device for the imaging of the barcoded beads.

4.4.6 Bead assay characterization

The protein dilution series for the calibration curves was prepared according to the

ProcartaPlexTM protocol with the provided proteins in DMEM media at 0.1×. The

beads were loaded on the device according to the experimental procedure proto-

col. The beads were washed three times with DMEM media before all liquid was

removed with a filter paper. On each condition, 20 µL of the protein dilution series

was pipetted. The device was vacuumed for 1 min to guarantee a homogenous

filling of the microwells. After 2 h of incubation at 37 ◦C and 5% CO2 the assay

and readout of the beads was conducted according to the experimental procedure

protocol. For the standard calibration curves, the 5PL fit was used to calculate the

protein concentration as a function of the fluorescence intensity. The limit of de-

tection (LOD) was established by adding three times the standard deviation to the
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mean of the control.

4.4.7 Cellular metabolism and survival experiment

The cellular metabolism and survival experiment was conducted with THP-1

cells. The cells were stained with Calcein AM and the media contained 10% of

alamarBlueTM to show the metabolic activity of the cells. Dead cells were identi-

fied by the Calcein AM leaking from the cytosol into the chamber decreasing the

ration between the intra-cellular Calcein AM concentration and the outside.

4.4.8 Optical setup

All images were taken with a fully automated Eclipse Ti2 (Nikon) microscope with

a SOLA II (Lumencore) as a fluorescence excitation light engine. A DS-Qi2 camera

(Nikon) and a 20X objective (Plan Apo VC 20X, NA:0.75, Nikon) was used for the

acquisition of the images. The standard DAPI, GFP, mCherry fluorescence cubes

were used for fluorescence imaging. For the readout of the beads, three custom

cubes were used: one for the assay readout of Phycoerythrin (PE: EX 530/40, DM

565, EM 611/75), and two for the barcode in the far-red spectrum (B1: EX 628/32,

DM 649, EM 670/30; B2: EX 640/30, DM 649, EM 711/25). The light intensity

and exposure time was fixed over all experiments and was set to 2%, 20%, 50%,

50%, 50%, 50% and 100 ms, 50 ms, 500 ms, 500 ms, 100 ms, 200 ms for DAPI, GFP,

mCherry, PE, B1, B2, respectively.

4.4.9 Data evaluation

The images were evaluated with a custom MATLAB script with a graphical user

interface. Briefly, the locations of the microwells were determined on each image.

In every well, the cells and the barcoded beads were detected and the mean fluo-

rescence intensity over the diameter of the beads in three channels (PE, B1, B2) was

evaluated. The mean fluorescence data of each bead was used for further data anal-

ysis. The fluorescence data of each bead was converted to the protein concentration

based on the standard calibration curve evaluated for each protein. Beads below

the background fluorescent intensity were assigned a concentration of 0 ng mL−1.

For Fig. 4.5 b) to d), the average concentration was calculated by averaging the

mean secreted protein concentration over one condition over all device replicates.

All beads, above and below the LOD, were considered. For the multiplexed data
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set in Fig. 4.6, only beads with protein concentrations bigger than 0 ng mL−1 were

considered.

4.4.10 Convolutional neural network

The convolutional neural network was created with the Deep Learning ToolboxTM

from MATLAB. The network consists of three convolutional layers (3×3 kernel)

followed by a batch normalization and ReLU layer. The number of filters used

per layer was 8, 12, and 32. The stride length was fixed to 1 pixel. Between the

convolution layer, a maximal pooling with a factor of two was performed. The

validation accuracy was 97.8% with a data set of more than 10’000 beads.

4.4.11 Statistical analysis

All statistical evaluations were performed with MATLAB. The significant difference

between distributions was evaluated with the two-sided student t-test. If no indi-

cator above a plot is shown, the two data sets are not significant different (ns). ****

p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05.
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Figure 4.8: Microscopic image of the master mould wafer with its SU8 structures. The image
was taken with a 3d laser scanning microscope (Keyence VK-X3000). The height of the hexag-
onal wells is ∼44 µm and the height of the magnetic bead traps is ∼9 µm.

Figure 4.9: Fabrication process of the COC device. Two Teflon sheets prevent sticking of the
master mould and the aluminium plate to the CNI tool. The COC foil is heated between the
master mould and an empty, silanized wafer. The aluminium plate prevents the silicon wafers
from breaking.
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Figure 4.10: CAD model (Solidworks 2021) of the magnet holder. Five magnets are placed
on each side of the eight conditions (45 in total). Due to the placement of the magnets, the
microwell array is located in a strong magnetic field pulling the magnetic beads downwards
without blocking the view for brightfield imaging.

Figure 4.11: Calibration curves for all proteins analysed. The limit of detection (LOD) is calcu-
lated by adding 3 time the standard deviation to the median value of the control (0 ng mL−1).
The 5PL Fit was fitted with MATLAB. For the fit, the concentrations around the LOD were
more heavily weighted to increase the precision of the fit around the LOD. A volume of 63.29
picolitre was used to calculate the number of molecules in each well at the LOD.

142



4.6. Supplementary information

Figure 4.12: Microscopic images of differently stimulated macrophages. a) THP-1 cells were
incubated in 100 ng mL−1 PMA for 24h (MΦ). b) After incubation with PMA for 24h, LPS (1
µg/mL) and IFN-γ (50 ng mL−1) was added for 12 h (MΦ+LPS/IFN-γ). c) IL-4 (50 ng mL−1)
and IL-13 (50 ng mL−1) was added after 24h for 12 h (MΦ+IL-4/IL-13). Scalebar: 100um

Figure 4.13: Additional characterization. a) Example image of cells in media containing 15
alamarBlueTM stained with Calcein AM. An empty well can be seen in the top right corner.
In the lower left corner, the Calcein AM leaked out of the cell indicating a dead cell. b) Each
condition is filled either with fluorescein or sulforhodamine B in alternating order. Depicted is
the normalized mean intensity of 4 pairs of neighbouring conditions so demonstrate the spatial
separation between conditions. c) Selected are the 2% highest secreting cells for IL-8 and their
empty neighbours wells. The readout in the empty wells is below the detection limit showing
no cross-contamination from one well to the other.
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Chapter 5

Conclusion and Outlook

In this dissertation we presented two novel microfluidic devices for the
multiplexed quantification of secreted proteins from single cells at high
throughput. We quantified the secretion of thousands of single cells em-
ploying a commercially available on-bead immune sandwich assay that
has the potential to multiplex up to 100 target proteins. The combina-
tion of an open hexagonal microwell array with a two-phase system en-
ables a high well density resulting in a throughput of up to 105 single
cells. The microfluidic devices were used to analyse the secretion profile
of macrophages and the impact of different stimuli on them. Specifically,
the impact of stimuli from the tumour microenvironment was explored in
more detail.

The first developed device enabled the capture of up to 1084 single
cells in microchambers isolated by pneumatically activated valves. The
introduction of hydrodynamic traps in combination with magnetic traps
allowed the label-free capture of single cells and magnetic beads in the
same microchambers. Compared to previous works in the group [1, 2],
the single-bead magnetic traps improved the retention of beads, their au-
tomatic imaging and readout. A specifically designed magnetic arrange-
ment of 14 neodymium magnets permitted bright field microscopy during
the experimental procedures enabling morphological studies as well as
improved imaging. The major limitations of the device presented in chap-
ter 3 are the number of single-cell traps and the restricted multiplexing
capability due to the number of magnetic traps inside each microcham-
ber. For future studies, we further improved the design increasing the
number of microchambers to 5184 (Fig. 5.1). This is achieved by fusing
the pneumatic valves for each microchamber increasing the well density
from 8.8 wells per square millimetre to 13.5 wells per square millimetre
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by more than 50%. Additionally, the number of magnetic traps in each
microchamber was increased leading to more beads captured inside each
chamber. The versatile platform is well suited to do fundamental stud-
ies in specialised labs where flexibility and multiple reagent exchanges
are paramount, but it is ill suited for the commercial application. This is
mainly due to the highly complex fabrication process of the pneumatic
valve layer with PDMS and complicated assay protocol to perform single-
cell secretion measurements. Furthermore, to achieve statistically signifi-
cant results, it is crucial to increase the number of captured and assessed
single cells even more.

Figure 5.1: The proposed device has 5184 microchambers each containing a centrally located
hydrodynamic trap for single-cell capture and 8 magnetic bead traps. The pneumatic control
layer of neighbouring microchambers is fused together. This results in a higher microchamber
density compared to the previous design.

The device presented in chapter 4 was developed with the shortcom-
ings of the first device in mind. We increased the number of cell traps from
103 to 105 by two orders of magnitude. At the same time, the fabrication
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process was changed from soft lithography with PDMS as the device ma-
terial to hot embossing of COC, a competitive fabrication method for com-
mercial applications [3, 4]. The high well density of 415 wells per square
millimetre is the result of smaller well sizes in combination to a different
isolation technique avoiding the use of pneumatic valves. The challenge of
cross-contamination in between such highly packed wells was overcome
by immersing the microwell array in fluorinated oil during the incubation
phase. The open microwell design not only offered higher well density,
but also overcame a weakness of many microfluidic platforms: a complex
assay protocol that requires trained personal. The microwell is loaded and
operated with standard pipettes without the need for syringes or pressure
pumps; the ever-present error source of air bubbles in closed microfluidic
chips; or the clogging of microfluidic channels due to debris.

The developed microfluidic devices improved the previous systems
substantially, but there is room for optimization. A major shortcoming
of the microwell device is the lack of high-dimensional multiplexing of
more than 10 proteins. Increasing the number of magnetic traps by re-
ducing the bead size for the on-bead immune assay would be a simple
optimization. The diameter size of the bead is limited by the resolution of
the microscope used; however, reducing the bead diameter by half would
increase the number of magnetic bead traps by a factor of four. An addi-
tional weakness is the spread of the fluorescent signal measured on differ-
ent beads at the same concentration. This inter-bead variation reduces the
precise determination of the protein concentration measured by each bead.
This weakness can also be tackled by increasing the number of beads per
protein in each well resulting in an average signal from multiple beads. In
conclusion, we propose that a future platform should increase the num-
ber of beads in each well to improve the robustness of the readout for the
device and enable higher dimensional multiplexing.

Similar to a 96-well plate, it would be beneficial to be able to perform
triplicates of many conditions on one device. Up to four conditions could
be analysed in parallel by using separately controllable valve arrays in the
initial design. In the device presented in chapter 4 and the proposed de-
sign for a novel microchamber platform (Fig. 5.1), we doubled the num-
ber of paralleled conditions to eight. However, the microfluidic device
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presented was limited to a microscopy slide which has a six-time lower
footprint than a 96-well plate. Therefore, using the same footprint of the
device on the area of a 96-well plate results in more than 48 parallel condi-
tions. To further increase the number of conditions, the implementation of
radial polarised circular neodymium magnets could be considered. How-
ever, the size of permanent magnets is still the limiting factor which could
be reduced by integrating electromagnets directly inside the microfluidic
system [5].

As an application on both devices, the secretion of single macrophages
was measured, and the impact of different stimuli investigated. With
detection limits below 1150 molecules, we were able to characterize
macrophages based on their secretion profile of up to 10 cytokines. We
could show that macrophages treated with supernatant from breast can-
cer cells show characteristics of M2 like macrophages. Furthermore, the
treatment with chemotherapeutics, paclitaxel and docetaxel, showed an
increase in MIP-1α secretion indicating a potential drug target for a com-
binatorial treatment. Multiplexed measurements revealed the co-secretion
of IL-10/VEGF when stimulated with IL-4/IL-13 and highlighted the
MCP-1/OPN protein pair as an interesting pathway for further investi-
gation. In total, we were able to correlate more than 40 proteins pairs
due to the high number of wells. Up until now, we investigated the se-
cretion of macrophages under different stimuli and could partially simu-
late the impact of the TME on the macrophages. In the future, it would
be of interest to investigate the repolarization of macrophages from the
M2 phenotype to the M1 phenotype by sequential treatment of different
stimuli [6, 7]. The possibility to simultaneously measure intra cellular,
membrane-bound, and secreted proteins qualifies the platform for preci-
sion medicine by analyzing single-cell suspension such as dissected tu-
mour biopsies where sample volume is limited. The easy-to-use microw-
ell device allows for the straightforward testing of the cell composition
identifying its heterogeneity and detecting potential vulnerability against
treatments.

In summary, the thesis presents a novel device for the quantitative
measurement of secreted proteins from single cells at high throughput.
We achieved an increased throughput of two orders of magnitude while
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reducing fabrication and handling complexity significantly. The devel-
oped device enables multiplexed secretion measurement at the single cell
level, with potential uses in fundamental research, translational medicine
or personalised medicine.
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