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Effect, n.

The second of two phenomena which always occur together in the same order.
The first, called a Cause, is said to generate the other –
which is no more sensible than it would be for one who has never seen
a dog except in the pursuit of a rabbit
to declare the rabbit the cause of a dog.

- Ambrose Bierce, The Unabridged Devil’s Dictionary

Dedicated to the people
who enable this kind of work.
Denn die einen sind im Dunkeln
und die andern sind im Licht
und man siehet die im Lichte
die im Dunkeln sieht man nicht.
- Bertolt Brecht, Dreigroschenoper

Abstract
Upon drug stimulus, the immune system of a patient can respond in many ways and
severely influence the outcome. One particular case, the development of neutralizing
antibodies during drug therapy, is often associated with therapy failure in long-term
schemes. In these cases, the detection of therapy failure can be delayed by insensitive
measures to evaluate therapy outcome. Therefore, a reliable, cost-effective and sensitive
test for the detection of neutralizing antibodies in patient serum would be beneficial. Several strategies are promising for the detection of neutralizing antibodies. The existing test
systems can be divided into cell-based and cell-free approaches. Whereas the cell-based
approaches are highly specific and sensitive, they are rather laborious and costly, and
need to be exerted by trained personnel. On the other hand, the advantage of cell-free
systems is the ease of handling. However, the simplicity results in a loss in sensitivity
since most cell-free approaches are only testing binding, and not receptor activation. The
aim of this thesis was to combine elements of both approaches that should result in an
easy to handle, specific and sensitive analytical device to detect neutralizing antibodies
in human serum. As a model system for these studies, luteinizing hormone was chosen
as an antigen of interest, and a commercially available neutralizing antibody and pooled
serum were used to simulate the neutralizing moiety and the sample matrix.
In this thesis, two different approaches are described. The first approach uses single-cell
analysis to detect the neutralizing antibodies. To create and validate such a platform,
studies to analyze intracellular proteins and metabolites were conducted first. These
studies relied on fluorescence measurements, either by direct assays, immunoassays or
enzyme-linked immunoassays. After completion of these studies, the cellular response
to luteinizing hormone was analyzed by implementation of a competitive enzyme-linked
immunoassay for cyclic adenosine monophosphate at the single-cell level. Here, the developed platform could reveal high intercellular heterogeneity in the cellular answer to
the same stimulus. However, it was found that cellular heterogeneity in the response
would mask the changes in intracellular cAMP concentration due to neutralizing antibodies. Furthermore, the platform is rather complex and not easy to handle. However, the
developed microfludic system can be used to analyze intracellular contents of single cells
in a reliable, quantifiable manner and can therefore help to conduct studies that are inter-
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ested in cellular heterogeneity. In a second approach, a system composed of immobilized
cell-derived vesicles was created. Although much simpler than a normal cell, cell-derived
vesicles contain membrane-bound receptors as well as some intracellular proteins. Furthermore, vesicles have beneficial properties over cells such as easier handling, better
stability, a possibility for batch production and storage. Moreover, the detection of any
processes on, at or across the membrane is typically more sensitive than in a cell-based assay due to less interfering processes. The detection system uses cell-derived vesicles that
generate luminescence upon binding and receptor activation of luteinizing hormone. By
the combination of cell-derived vesicles and microfluidics the highly sensitive and quantitative detection of LH-neutralizing antibodies was achieved with a limit of detection of
as little as 0.5 nM neutralizing antibody in a 10 % vol/vol serum matrix. This would correspond to 5 nM highly specific neutralizing antibodies in patients serum. The detection
thereof only needs 20 minutes. However, if a more thorough characterization is needed,
dose-response curves can be generated in less than 2 hours to estimate concentrations and
dissociation constants of the antibodies present.
Although promising, future studies have to focus on the testing of actual patients and
control sera to estimate the robustness of the device. Furthermore, the test system could
be expended to other therapeutic proteins to widen the field of application.
Similar microfluidic devices as the one used for the detection of neutralizing antibodies
using cell-derived vesicles were used for the study of membrane permeation. In a first
approach, artificially created vesicles were immobilized in a microfluidic channel and
the permeation of basic drug-like compounds was studied by means of an encapsulated
pH-sensitive dye. Here, good correlation of the on-chip method with stopped-flow measurements was achieved. Furthermore, it was found that the addition of 2 mol/mol % pegylated lipids (PEG 2000) was able to slow permeation without affecting the actual order
of the tested compounds. In a further study, cell-derived vesicles form a P-glycoprotein
(an efflux transporter) overexpressing cell line were immobilized on-chip and P-gp substrates and inhibitors were assayed for their drug-transporter dissociation constant. Here,
a good correlation was found between the on-chip measured apparent dissociation constants with an alternative assay and data provided by the Food and Drug Administration.
However, the microfluidic approach allowed an estimation of the apparent dissociation
constant in a short amount of time with low sample consumption. In conclusion to this
part, due to the very controllable liquid handling in microfluidic environments such studies can help to answer key questions in the field of permeation research, as well as provide
simple, reliable and highly controllable test systems.
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Zusammenfassung
Bei einer medikamentösen Therapie kann deren Verlauf und Erfolg stark vom Immunsystem des Patienten beeinflusst werden. Eine mögliche Immunreaktion ist die Produktion
von hochaffinen, neutralisierenden Antikörpern. Diese ist oftmals verbunden mit dem
Scheitern einer Langzeittherapie durch den neutralisierenden Effekt der Antikörper, das
Medikament wird wirkungslos. Die Entdeckung dieses Therapieversagens kann aber aufgrund unspezifischer Messmethoden des Therapieverlaufs, z.B. Magnetresonanztomographie (MRT) und Kurtzke-Skala (EDSS) bei Multiple Sklerose, verzögert sein. Darum
wäre ein verlässlicher, günstiger und sensitiver Test zur Bestimmung der neutralisierende
Antikörper im Patientenserum von Vorteil, da dieser spezifisch den Auslöser nachweisen
kann.
Verschiedene Ansätze zur Entwicklung eines solchen Tests können unternommen werden. Die bereits existierenden Systeme zur Detektion können grob in zellbasierte und
zellfreie Systeme eingeteilt werden. Der grosse Vorteil zellbasierter Systeme ist ihre gute
Sensitivität und Spezifität, während dem sich vor allem die Komplexität, die schwierige
Handhabung und Standardisierung nachteilig auswirken. Zellfreie Systeme sind zwar in
der Regel einfacher in der Handhabung und Standardisierung, aber auch deutlich weniger sensitiv. Sie testen nur die Bindung des Antigens zum Rezeptor oder einem zweiten Antikörper (und nicht den neutralisierenden Effekt auf nachfolgende Signalwege),
wodurch keine Signalamplifikation durch die Aktivierung des Rezeptors stattfindet. Das
Ziel dieser Arbeit war es, Vorteile beider Methoden miteinander zu kombinieren. Diese
Arbeit befasst sich mit der Entwicklung eines Prototyps des analytischen Systems, welches zwar einfach in der Handhabung ist, aber trotzdem durch eine hohe Sensitivität und
Spezifität besticht. Als Modellsystem für die Entwicklung eines solchen Systems wurde luteinisierendes Hormon (LH) und ein kommerziell erhältlicher Antikörper verwendet.
In dieser Arbeit wurden zwei verschiedene Ansätze verfolgt. Der erste Ansatz stützt sich
auf der Entwicklung eines Systems basierend auf Einzelzellanalyse zur Bestimmung der
neutralisierenden Antikörper im Patientenserum. Zur Entwicklung einer solchen Plattform und zur Validierung derselben wurden zuerst Bestimmungen von intrazellulären
Modellproteinen und -metaboliten durchgeführt. Diese Studien basierten auf der Detektion von Fluoreszenzveränderungen, ausgelöst durch direkte Assays zur Bestimmung von
Enzymaktivität oder Metabolitenkonzentration, beziehungsweise über integrierte Immunoassays oder Enzym-verstärkter Immunoassays (ELISAs) zur Bestimmung von nicht
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direkt nachweisbaren Zellbestandteilen. Nach Beendigung der Validierungsphase wurde die Konzentration von zyklischem Adenosinmonosphat in einzelnen Maus Leydig
Tumorzellen untersucht. Zyklisches Adenosinmonophosphat entsteht durch die Rezeptorbindung und -aktivierung durch das Modellantigen LH. Zur Konzentrationsbestimmung wurde ein kompetitiver ELISA in die Plattform integriert. In dieser Studie wurde
eine starke Heterogenität in der Zellantwort auf den LH-Stimulus nachgewiesen. Die gefundene Zellheterogenität verhinderte darum die Benutzung der entwickelte Plattform
zur Bestimmung von neutralisierenden Antikörpern im Serum. Ausserdem entspricht
die entwickelte Plattform aufgrund seiner Komplexität nur bedingt den Anforderungen
eines schnellen Diagnostik-Tests. Allerdings eignet sich das entwickelte System aber hervorragend um intrazelluläre Konzentrationen von Proteinen und Metaboliten zu bestimmen, und kann somit gut für Studien eingesetzt werden die an der Untersuchung der
Zellheterogenität interessiert sind.
Der zweite Ansatz wurde basierend auf immobilisierten, von Zellen abgeleiteten Liposomen entwickelt. Obwohl diese Liposomen sehr viel einfacher aufgebaut sind als eukaryotische Zellen beinhalten sie doch alle Komponenten um eine Verstärkung des Signals
zu ermöglichen. Auf der anderen Seite fehlen viele störende zelluläre Prozesse, weshalb
die erzeugten Signale in der Regel spezifischer sind. Die abgeleiteten Liposomen enthalten sowohl membranassoziierte Rezeptoren und Transmembranproteine als auch intrazelluläre Proteine welche für die Signalamplifikation notwendig sind. Weitere Vorteile
der Liposomen liegen in ihrer einfacheren Handhabung, der besseren Stabilität und der
einfacheren Lagerung im Vergleich zu Zellen. Die schlussendlich verwendeten zellbasierenden Lipsomen wurden von einer gentechnisch modifizierten Zelllinie abgeleitet,
die in Abhängigkeit eines LH-Stimulus Biolumineszenz produziert. In diesem Teilkapitel
der Arbeit konnte durch die Kombination von zellbasierten Liposomen und Mikrofluidik die sensitive und spezifische Bestimmung von neutralisierendem Antikörper gezeigt
werden. Ein Detektionslimit von 0.5 nM neutralisierendem Antikörper in 10 % vol/vol
Serumhintergrund konnte erreicht werden, was einer Konzentration von 5 nM in Patientenblut entspräche. Der Detektionsvorgang benötigte nur 20 Minuten. Für eine genauere Charakterisierung des im Patientenserum vorhandenen Antikörpers kann auch eine
Dosis-Wirkungskurve innerhalb von 90 Minuten erzeugt werden, aus welcher die Konzentration und Bindungsaffinität abgeschätzt werden kann.
Zukünftige Studien sollten die Robustheit des Systems untersuchen. Obwohl diese ersten
Resultate aussichtsreich erscheinen, sind sie mit standardisierten Reagenzien und unter
kontrollierten Bedingungen entstanden und das System muss sich erst noch im klinischen
Umfeld bestätigen. Des weiteren wäre es auch wünschenswert, das Einsatzspektrum des
entwickelte Systems auf andere Therapeutika auszuweiten.
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Das zur Detektion von neutralisierenden Antikörpern entwickelte mikrofluidische System kann, leicht modifiziert, auch zum Studium anderer Prozesse verwendet werden.
Exemplarisch wurde in dieser Arbeit die Kinetik der Membranpassage von Arzneistoffen
untersucht. Artifiziell hergestellte Vesikel wurden in einem mikrofluidischen Kanal immobilisiert, und ein eingeschlossener pH-sensitiver Fluoreszenzfarbstoff zur Detektion
der passiven Permeation von basischen Arzneistoffen verwendet. In dieser Studie konnte gezeigt werden, dass die gefundenen relativen Permeationskoeffizienten mit Werten
übereinstimmen welche mittels Stopped-flow Apparat ermittelt wurden. Des Weiteren
konnte gezeigt werden, dass die passive Permeation durch die Einbettung pegylierter
Lipide verlangsamt werden kann, wobei der Einfluss bei allen untersuchten Substanzen
gleichermassen verlief.
In einer weiteren Studie wurden zell-basierte Vesikel einer P-glykoprotein exprimierenden Zelllinie verwendet, um die Wechselwirkung von Arzneistoffen mit diesem Transporter zu ermitteln, welcher den Transport von Wirkstoffen aus der Zelle verursacht.
Auch hier konnte gezeigt werden, dass die gefundenen Werte in guter Übereinstimmung
mit publizierten Werten der amerikanischen Zulassungsbehörde sowie auch mit Werten
ermittelt durch einen ATPase Assay sind. Die Vorteile der mikrofluidischen Bestimmung
von Permeation liegen in den geringen Verbrauchsvolumina sowie in der kurzen Zeit
welche zur Durchführung der Tests notwendig sind. Zusammenfassend kann gesagt werden, dass solche mikrofludiischen Systeme durch ihre ausserordentliche Kontrolle über
die Flüssigkeiten grosse Vorteile bergen. Diese Systeme können helfen, weitere grundlegende Erkenntnisse im Forschungsfeld der Membranpassage zu erlagen, sowie Grundlagen bieten zur Entwicklung günstiger und effektiver Testsysteme zur Arzneistoffentwicklung sowie Diagnose von Krankheiten.
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1 General introduction

1.1 Microfluidics
Microfluidic systems are characterized by edge lengths typically in the order of micrometers. Structures in these dimensions are very abundant in nature. However, it was only in
the 1970s that the first application of micron-sized geometries was presented to the scientific community by Terry et al . [1]. In their work, they fabricated a gas chromatograph on
a silicon wafer that used micrometer-sized channels. Nearly a decade later, the concept
of micro total analysis systems (µTAS) was introduced and further developed by Manz
et al . [2]. In their publication they introduced miniaturized fully integrated systems that
are able to perform the analytical task. The development of such a concept led to numerous publications of many different analytical systems, and a rapidly growing scientific
field.
In the beginning, microfluidics was performed in silicon and glass substrates. The reasons for this were the already available fabrication techniques, like etching and bonding
of these materials. However, due to the high costs and the high demands in fabrication
this hindered the emergence of a wide community since access to clean room facilities
was necessary. This rapidly changed with the introduction of soft lithography by Whitesides and coworkers [3]. In this process, a microstructure composed of a silicon wafer
can be replicated many times by the use of a polymer such as poly(dimethlysiloxane)
(PDMS). This enabled the production of microfluidic devices for a much wider community. Although cleanroom access is still needed for the production of a master mold, the
following processes can be mastered in a normal lab environment in a shorter time.
Today, microfluidic platforms are used in many different disciplines and analytical fields,
such as material sciences [4–6], the development of point-of-care devices [7–9], biology
[10, 11], chemistry [12] and cell analysis [13, 14] to name a few.
When channel dimensions are downscaled into the micrometer range, interesting phys-
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Parameter

Macroscopic example

Microscopic example

1 mm
6 mm2
1 µL
6
15 min

1 µm
6 µm2
1 fL
6000
1 ms

Length
Surface of a box
Volume inside the box
Ratio surface to volume [1/mm]
Diffusion time over d
(D = 10−6 cm2 /s)

Table 1.1: The influence of scale. By downscaling the length of an object (here a box), the
surface to volume ratio increases drastically, meaning that surface effects are much more
prominent in microfluidics (downscaled) than in larger volumes. Furthermore, due to
the smaller distances, mixing by diffusion is much more efficient than in the macroscopic
world. Table adapted from Dittrich and Manz [15].
ical phenomena become apparent. For an excellent review on the physics on the microscale, please refer to Squires and Quake [16]. Microfluidic systems have high surface to
volume ratios (see Table 1.1), and therefore surface effects become prominent. The impact
of the gravitational force, compared to inertial forces in microfluidics, is less prominent
than in the macroscale. An important phenomenon of the downscaling is the emergence
of a laminar flow profile (Figure 1.1). The Reynolds number, an important dimensionless
number in fluid mechanics describing whether a fluid is influenced by viscous or inertial
forces, is low in microfluidic systems. The Reynolds number can be written as

Re =

ρlv
η

(1.1)

with the length scale l , the velocity v , ρ as the density and η as the dynamic viscosity of the
fluid. At low Reynolds numbers the viscous forces are stronger than inertial forces, and
this leads to the absence of turbulences in microchannels. The critical Reynolds number
where turbulences begin to occur is around 2040 [17]. In the microfluidic systems used in
this thesis, the Reynolds number are usually in order of tens, and therefore no turbulent
flow is expected and observed. Due to the absence of turbulences, diffusion is the main
mechanism to mix fluids. The characteristic diffusion time can be written as

tD =

2
lD
2D

(1.2)

with l D as the distance and D as the diffusion coefficient. Because of the small scales
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in microfluidics, the diffusion time is short compared to larger volumes. In these small
dimensions, mixing by diffusion is a rather efficient process (see also Figure 1.1).

1

2
300 µm

Figure 1.1: The laminar flow profile. In this setup, the laminar flow profile was visualized by co-introduction of buffer (top) and red food dye (bottom) into the microfluidic
channel. Due to the absence of turbulences, the two streams coexist. Near the merging
of the two channels (1), the interface is distinct, whereas further down (2) the interface
begins to be less clear. This indicates mixing of the two fluids by diffusion.
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1.2 Neutralizing antibodies
1.2.1 Introduction to neutralizing antibodies
Protein therapeutics hold significant promise for improving health. However, a major
drawback is that upon administration to the body, the immune system may be activated
and respond to the treatment in an undesired way. Especially repeated administration of
protein therapeutics often lead to the activation of the humoral immune system and to the
induction of anti-drug-antibodies (ADAs) that interfere with the effect of the drug [18].
The development of such ADAs does not necessarily mean an adverse event for the individual patient [19]. However, often the emergence of such ADAs impact pharmacokinetic
properties such as enhanced or reduced clearance, and can influence the drugs pharmacodynamic effect, too [20]. Upon binding to the antibody, the complex is cleared from
the blood system by immune cells, and therefore clearance can be enhanced. The most
severe case of ADAs is the emergence of antibodies that cross react with the endogenous
homologs. In this case, neutralizing antibodies generated against a therapeutic protein
through an immune response neutralize not only the therapeutic protein but also the endogenous counterpart of the therapeutic protein and may impose serious consequences
to the patient.
As visualized in Figure 1.2, ADAs can be divided into binding antibodies (bABs) and
neutralizing antibodies (nABs). bABs bind to their target, but allow the target to exert
its biological function, whereas nABs impede the biological effect of the antigen. In a
normal immune response, i.e. against a bacterial toxin or a virus, the generation of highly
affine neutralizing antibodies is the ultimate goal of the adaptive immune system [21,
22]. As long as only binding antibodies are present, the toxin or virus is still able to
bind to its target and hence functional. Antibodies against the epitopes that are needed
for binding can therefore prevent the interaction to the target, and also inhibit toxicity.
Therefore, neutralizing antibodies are an important component of the immune system
and help reduce the impact of toxic moieties.

In the past, humoral immunity activation was often a result of contaminations with impurities such as other proteins when extracted from tissues. Due to better understanding of
the immune system and the introduction of gene technology, nowadays biotherapeutics
can be produced in a better and more consistent quality. Although many advances have
been made in production and quality control of biopharmaceuticals [23], the problem of
nABs remains challenging [18].
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A

nAB
negative

Cytosol

B

bAB
positive

nAB
positive
Cytosol

Figure 1.2: Binding and neutralizing antibodies. A) There are numerous epitopes
present on a therapeutic protein, some of which (orange) are needed for binding to the receptor (blue). If no antibodies are present, the administered drug can bind to the cell (light
grey), and induce signaling cascades inside the cell that alter its behavior (here turning
green). B) In the presence of binding antibodies, the antibodies bind to the therapeutic,
but the regions needed for binding (orange) can interact with the cellular receptor, i.e. the
cell is activated. If neutralizing binding antibodies are present, the protein can’t interact
with the receptor anymore since the antibody blocks the binding site of the ligand, or
binding is sterically hindered by the presence of a nearby bound antibody.
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Lower risk product characteristics

Higher risk product characteristics

No endogenous counterpart
Redundant endogenous counterpart
Immunosupressed patients
Single dosing
Humanized or fully human
Intravenous application
HSA containing
Highly pure
No aggregates

Endogenous counterpart
Non-redundant endogenous counterpart
Autoimmune patients
Chronic dosing
Different species
Subcutaneous administration
HSA free
Impure
Aggregates

Table 1.2: Drug characteristics that influence the risk of inducing ADAs. In this table,
some characteristics of drug products that influence their risk of inducing an immune
response are shown. Table was adapted from [24].
In general, small molecules are less prone for the development of ADAs, and the emergence of neutralizing antibodies is mostly important for biopharamceutical drugs. Proteins, peptides and their respective glycosylated derivatives are considered to be ideal to
trigger a humoral immune response due to their similarity to normal antigens. In this
classes, not every biotherapeutic protein used shares the same risk of inducing ADA. Table 1.2 summarizes the risk factors to trigger such a response [24]. Although some factors
can be influenced by pharmaceutical companies, such as the formulation (HSA present or
not) or the nature of the protein (Humanized versus other species), others are depending
on the disease and therapeutic scheme that is dictated by the disease and/or condition of
the patient (dose administration). Furthermore, the route of administration for biopharmaceuticals is mostly subcutaneous or intramuscular injection. This route of administration regularly leads to an inflammation of the surrounding tissue, and the resulting small
inflammation can trigger the immune system. Therefore, even with the best products
available, the emergence of neutralizing antibodies can never be fully prevented.

1.2.2 Therapeutical implications of neutralizing antibodies
Whether or not neutralizing antibodies are present is of upmost importance for the treatment outcome. The presence of neutralizing antibodies inactivates the therapeutic protein, i.e. leads to therapy failure [25, 26]. If detected early, therapy schemes can often
be altered accordingly to secure therapy success. Detection of nABs can either be done
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on the level of the actual antibodies (please refer to Section 1.2.3 for the existing detection methods) or by monitoring therapy development symptomatically. Therapy failure
does not necessary mean that neutralizing antibodies are present in the patient. Often the
monitoring of therapy progress is done by several different methods. However, for certain diseases the test that are performed to monitor the therapy progress are not sensitive
enough to capture the emergence of nABs immediately. Since these tests for therapeutic
outcome are not very sensitive and are scheduled every six to twelve months, the detection of therapy failure can take several months. Moreover, the clinical effect of nABs
lies behind their appearance and their effect often becomes apparent only after 12 to 24
months. For example, a study performed with multiple sclerosis patients treated with a
combination of IFN-β-1a and 1b showed that over 24 months of treatment 5 % of these patients developed nABs [27]. Interestingly, when only IFN-β-1b was administered a fourto six fold higher incidence of nABs in the patients sera was found. There were no clinical
changes in the composition of the cerebrospinal fluid samples taken or in MRI studies that
were predictive of which patients would develop nABs. In another study with IFN-β, it
was found that out of 92 patients 17 were not responding as expected to the treatment;
and 15 of these 17 patients were tested positive for nABs. Others found similar results
with the incidence of persistent nAB positive patients was between 35 % and 3 %, depending on the actual preparation used [28]. Furthermore, in this study the presence of
neutralizing antibodies was also linked to the therapy outcome. A higher percentage of
nAB positive patients versus nAB negative patients had lower scores of the expanded
disability status scale (EDSS) during follow-up, i.e. therapy was less efficient.
All of these findings are showing that the emergence of neutralizing antibodies is still of
concern, and that such a response has a severe impact on the therapy outcome, and due
to subsequent costs also on the whole health care system.

1.2.3 Existing detection systems for neutralizing antibodies
Immunogenicity assays should be designed to detect polyclonal antibody responses generated against an administered product. Gupta et al . [20] describe an ideal test system
for the detection of ADAs and especially, nABs. In this work, a two-step antibody testing and characterization strategy is recommended. The first round comprises screening
and confirmatory immunoassays [29, 30], capable of detecting ADAs that can bind to the
therapeutic. Therefore, sera samples from patients can be divided in ADA positive and
negative. Positive samples should be further evaluated and either cell-based or non-cell
based assays can be used to determine the impact of the detected ADAs on the biological
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activity of the therapeutic. In the following, a short overview of the different techniques,
cell-free and cell-based, is given. Both of them have certain advantages and disadvantages that are also shortly discussed.
Cell-free systems such as immunoassays, can be easily performed at the point-of-care,
but are less sensitive and accurate than the cell-based assays. Furthermore, these assays
have to rely on the presence of already neutralizing antibodies for competition with possible nABs present in the serum to distinguish between binding and neutralizing species.
Since these assays only test for binding, they are generally less sensitive but more robust.
Bartosch et al . [31] used an enzyme-linked immunoassay (ELISA) for the detection of
nABs against hepatitis C virus, whereas others performed the detection and characterization of antibodies by comparing several immunoassay based methods such as radioimmunoprecipitation assay (RIPA) and ELISA [32]. Cludts et al . [33] used a non-cell based
electrochemiluminescence assay for the detection of neutralizing interleukin-17 antibodies. In this assay, they used ruthenium-conjugated IL-17 proteins as sensors. The metal
ions undergo an oxidation-reduction reaction and generate electro-chemiluminescence.
Due to the recycling of the metal ions, the signal is amplified to give increased sensitivity. The same basic principle was used to detect nABs against IFN-β [34]. In their
work, they further validated their approach by direct comparison to cell-based data. Although less sensitive, a good correlation between the two methods was shown. Despite
all the advantages of immunoassays, they strongly depend on the antibody that is used
for the immobilization or control. Depending on the binding strength of the antibody
used for immobilization or competition, less strong nABs present in the plasma could be
missed.
Cell-based systems are generally more sensitive than cell-free systems. The gain in sensitivity is due to the conversion of the binding event into a signaling event, i.e. one binding
event leads to the generation or influx of many signaling molecules or ions. There are
a number of bioassays for identifying and characterizing antibodies that can neutralize
the biologic effect of therapeutic agents, such as cell-surface interactions that can be measured via fluorescence activated cell sorting (FACS) [35], cell proliferation, differentiation
and apoptosis [36, 37], phosphorylation of intracellular markers [38], expression of cellular markers or enzymes [39–41], and release of cytokines [29]. Early on, a microtest
was developed for the detection of rabies virus neutralizing antibodies [42]. The test was
performed in the wells of microplates and tested the efficiency of rabies immunization
in patients in vitro. Lallemand et al . [41] used cells that were transfected with a reporter
plasmid. Since many cytokines are inducing the expression of target genes, such a system can be used to monitor the concentration of free cytokine after the addition of patient
sera. In this work, the presence of IFNα nABs in the immediate environment of the re-
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porter cells will neutralize a quantity of IFNα secreted from the cells proportional to the
neutralizing capacity of the antibody. This neutralization prevents the interferon from interacting with its specific cell-surface receptor, and will therefore result in a corresponding
reduction of the expression of IFN-responsive firefly luciferase, and result in a decrease
in luminescence. The same principle was used successfully for TNFα antagonists [43].
Other researchers have combined the assays with flow cytometry [44]. Here, chemokinebased internalization of the receptor was assessed for a receptor antagonist. Spichty et al .
[45] developed a cell-based assays for the detection of neutralizing antibodies against
the α-melanocyte stimulating hormone analog afamelanotide. In their assay, the amount
of produced cAMP was measured after incubation in the cells, and depending on the
presence or absence of neutralizing species the concentration of cAMP varied. Although
very sensitive, cell-based assays are more prone to interfering processes from sample matrix, especially when the therapeutic protein is present in an unknown concentration. To
circumvent this problem, strategies to eliminate the disturbing factors with sample pretreatment have been developed [46, 47]. Lofgren et al . [46] used acid dissociation and
affinity adsorption to remove the therapeutic protein from assay samples beforehand. In
this way, they were able to detect neutralizing antibodies against IL-8 even though the initial high IL-8 concentration in the sera beforehand. Further disadvantages of cell-based
assays are that they are more costly to perform and cannot be performed outside of a
certified laboratory easily, and variations from user to user, lab to lab are common.
Another description for analysis systems for the detection of neutralizing antibodies are
direct and indirect cell-based assays [24]. Here, the mode of action of the therapeutic
agent decides whether a direct assay is feasible or not. Drugs can be oversimplified into
two classes, agonists and antagonists. An agonist is a therapeutic that binds to a receptor
and triggers a response, whereas an antagonist does not induce a biological response
upon binding to a receptor, but blocks agonist-mediated response. Biological therapeutics
with agonistic properties can be measured with a direct assay since their binding results
in a measurable effect. Neutralization of the agent reduces the free concentration of the
agent, and reduces the amount of agonist able to activate the receptor and therefore a
decrease in signal can be expected. On the other hand, measuring the free concentration
of antagonists needs the addition of an agonist. In these assays, if no neutralizing capacity
is present, the antagonist will reduce the signal in the presence of the agonist. When the
antagonist is neutralized, the agonist can fully interact with the receptor, and the signal is
increasing.
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1.3 Introduction to luteinzing hormone
1.3.1 Luteinizing hormone and its receptor
Luteinizing hormone (LH) was chosen as a testing agent for the development of the analytical platform. In the following, a short introduction to LH, its action and therapeutical
uses are given.
LH is produced in the anterior pituitary gland, and is responsible for the regulation for the
steroid biosynthesis and the generative functions of the gonads such as spermatogenesis,
maturation of the follicle and ovulation [48]. The protein is around 28 kDa [49], whereas
the peptide sequence alone has a molecular weight of around 24 kDa. The hormone is
synthesized as a heterodimer, composing of a common alpha chain and a unique beta
chain. The alpha chain is identical with the follicle-stimulating hormone (FSH), human
chorionic gonadotropin (HCG) and thyroid-stimulating hormone (TSH), whereas the beta
chain confers the biological specificity. The alpha subunit consists of 92 amino acids and
has a molecular mass of around 13.5 kDa. The alpha chain contains five disulfide bridges
and is glycosylated twice (N76, N102). The beta subunit consists of 121 amino acids with
a molecular mass of around 14.5 kDa. In contrast to the alpha subunit, the beta subsection
contains six disulfide bridges and is glycosylated once (N50). The carbohydrate moieties
on the protein affect the biological half-life thereof. Removal of the terminal sialic acid
residues markedly reduces the half-life in the circulation by enhancing the binding to
hepatocyte lectins, thus leading to the clearance from the bloodstream [50].
Although the structure of FSH in complex with its receptor was resolved almost a decade
ago [51], no such structure-relationship is available for LH and its receptor. However,
multiple binding regions have been identified over the years on the beta as well as the
alpha regions of the peptide [49]. One of the first regions studied was the inter-cysteine
loop corresponding to residues 38 to 57 of the beta subunit [52], but also significant activity was found in the region between 93-100, another inter-cysteine loop [53]. A third
region, the first 15 to 16 amino acids of the N-terminus, have also been proposed as possible receptor binding sites [54]. Further studies found binding sites in the regions of 81-95
amino acids, and 91-105 amino acids [55]. Furthermore, this study confirmed the inhibition of binding of the full hormone by a peptide containing amino acids 81-95. Therefore,
it is highly probable that the stated regions are needed for the binding of LH to its receptor, and that antibodies developed by the immune system against these regions have a
neutralizing effect on the function of the hormone.
The LHHCG receptor is a G-protein coupled receptor. The protein contains 647 amino
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acids, and is composed of two functional subunits [56]: The typical seven-transmembrane
module and a large extracellular hormone-binding domain. The transmembrane domains
are the anchoring unit, and transduce the binding event outside to a signal event inside.
The large extracellular domain consisting of 341 amino acids binds LH (as well as human
choriogonadotropine (hCG)) with high affinity. Upon binding, signal transduction leads
to the activation of the Gs subunit and the formation of intracellular cAMP [56].
LH is used in clinics as a therapy to stimulate ovulation in women [57], usually in combination with FSH. The treatment is individually dosed and maturation of the Graafian
follicle carefully monitored. After stimulation and development of such a follicle, ovulation is induced by injection with HCG. In this therapy scheme, LH (as well as FSH) is
applied on a daily basis. Usually, the therapy is started with 75 IE and the dose is adapted
depending on the outcome. Luveris R (Merck), with the active ingredient lutropin alpha,
is recombinatly produced and is subcutaneously applied. The protein is produced in
genetically modified CHO cells. In clinical studies conducted for the approval of Luveris, reports were made about antibody generation after multiple and also after single
dosing in animals. The emergence of those antibodies hampered the pharmacokinetic
assessment of the drug, but are not further remarkable since lutropin α is from human
origin. However, in studies conducted for dose-response and clinical safety issues, the
possibility of immunogenicity of the recombinant protein was investigated by the detection of antibodies in samples collected before, during and after the treatment. In one
of these studies, GF 6253, negative results were obtained for all 34 patients treated with
one cycle as well as for 9 patients who have started a second cycle of treatment and for
5 patients who have started a third treatment. However, in study GF6905, 3 out of 40
patients were tested positive for ADAs against LH. Among these produced antibodies
even neutralizing species could be found. No further reports in literature could be found
for neutralizing antibody development upon treatment with newer preparations of LH,
however neutralizing antibodies against LH are regularly found in patients serum due to
autoimmunity [48]. Although the risk of emergence of neutralizing antibodies is lower in
treatments with LH than compared with other biopharmaceuticals, the hormone is ideal
for the development of an analytical platform. The structure of the hormone is simple in
its tertiary and quaternary structure (compared to interleukins and interferons), and can
be assayed in a direct mode.
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1.4 Scope of this thesis
The goal is the development of a microfluidic chip that can detect and measure the effect
of neutralizing antibodies. The new analytical platform should be tested first for the
detection of neutralizing antibodies against luteinizing hormone (LH) using standardized
serum and spiked neutralizing antibody.
The analytical setup has to fulfill certain criteria. Such a test for either drug discovery
purposes or clinical uses has to be accurate, reproducible, robust and cheap. Of upmost
importance is the specificity of the detection. The detection should be specific towards
neutralizing antibodies and not detect binding antibodies. The analysis should also be
possible in background serum, the more the better since the amount of tolerable background serum influences the sensitivity in the clinical setup. Furthermore, the sensitivity
of such a test system should ideally be at least comparable to the sensitivity achieved
in cell experiments. For use in clinical environments, the detection system should be as
simple as possible, and not require expensive and sophisticated equipment.
Lastly, an approach where luteinizing hormone could be exchanged easily against the
antigen of choice would be preferred. Luteinizing hormone is a valuable choice for the
proof of concept, but the therapeutic effects of many other biopharmaceutical agents are
negatively influenced by the development of neutralizing antibodies.
In this thesis, two different approaches to fulfill the scope are evaluated. First, an approach based on single-cell analysis was pursued. The developed microfluidic platform
was intensively validated, but could not fulfill the above mentioned criteria for the detection of neutralizing antibodies in the end. However, this platform could be used for
single-cell analysis and the studies of cell heterogeneity. Next, a microfluidic system
based on cell-derived vesicles was developed that complied with most of the criteria,
and that was successfully used for the sensitive detection of LH neutralizing antibodies
in standardized serum. During development and validation of such a platform, other microfluidic test systems were developed to study several aspects of the final device. Here,
the created microfluidic systems were used for the measurement of passive permeation
of basic drug-like compounds as well as drug- P-glycoprotein dissociation constants, and
revealed good correlation of bulk measurements with measurements using immobilized
vesicles in a microfluidic environment.
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Figure 2.1: Assay for the detection of neutralizing antibodies using single cells. Upon
binding of luteinizing hormone (LH) to its receptor, a signaling cascade is activated that
leads to the formation of intracellular cAMP. cAMP, a second messenger, can be assayed
via competitive immunoassays after cell lysis. Furthermore, the formation of cAMP
should be dependent on the concentration of LH. Therefore neutralization of the hormone should lead to lower concentrations of cAMP.

In this part of the thesis, the goal was to create a microfluidic platform that is able to analyze intracellular responses of cyclic adenosine monphosphate (cAMP) due to luteinzing
hormone (LH) stimuli in single murine leydig tumor cells (Figure 2.1). These cells respond to a LH stimulus with the formation of intracellular cAMP. The generation of the
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second messenger cAMP amplifies the signal from the binding events, since one binding event results in the generation of many signaling molecules. The amount of cAMP
produced should be dependent on the concentration of LH [58], and therefore a doseresponse like behavior can be expected. In the presence of neutralizing antibodies, the
amount of LH able to bind and activate the cells is decreasing. Therefore, a lower dose
can interact with the cellular receptors, and would result in a lower amount of intracellular cAMP.
This chapter includes an introduction to single-cell analysis, and the development and optimization of a microfluidic platform for single-cell analysis.Measurements are perfomed
using fluorescent assays and showed the detection of intracellular reactive biomolecules.
Since cAMP cannot be assayed in a direct manner due to its non-reactivity towards reporter dyes, the platform was further developed to facilitate singel-cell analysis by the integration of immunoassays. This strategy allowed the detection of cAMP and the recording of a dose-response curve for luteinzing hormone using single cells.
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2.2 Introduction to Single cell analysis
2.2.1 Motivation for Single-cell analysis
Most bio- and pharmacological research focuses on the analysis of large cell populations.
These measurements normally involve hundreds of thousands of cells and provide an
insight into average cell behavior. Although convenient, these measurements obscure
heterogeneities within the population as well as in the temporal response [59, 60]. Many
studies in the past have revealed cell-to-cell differences within a large cell population
[13, 60, 61], in particular signaling processes [62, 63], gene expression [64, 65], membrane receptors [66–68] or the amounts of intracellular biomolecules such as proteins
[69–72], metabolites and cofactors [73–75]. Individuality or heterogeneity is mainly due
to stochastic noise and variations in the levels of bioactive compounds, since the whole
population of cells in the culture is normally derived from the same parent cell, therefore genetically identical to a high degree . In particular, differences in copy numbers of
non-abundant proteins could hypothetically lead to heterogeneities in cell behavior [76].
These heterogeneities are considered to be fundamentally important for cell adaptation
and evolution [77], but also play key roles in the emergence and treatment of diseases
such as cancer [78–81]. Another important factor, especially in cancer derived cell lines, is
their genetic instability during the cultivation processes. To elucidate the inherited intrinsic differences, which influence the cells response to a certain stimulus [82, 83], studies
at the single cell level are essential. For these studies, it is of upmost importance to exclude extrinsic variances by using standardized protocols with high accuracy and to use
high-throughput methods to generate statistically robust data. Therefore, these studies
are often conduceted in microfluidic systems due to the increased precision of the environmental control that matches the size single cells [15, 84].
Many excellent reviews about microfluidic single-cell analysis can be found in literature
[85–90]. The following section should not be considered as a review, but will discuss the
most important process steps, issues and examples in the field. Special emphasis is laid on
the discussion of already existing microfluidic systems developed to conduct eucaryotic
single-cell analysis.

2.2.2 Trapping of single cells
The trapping of single cells is not necessarly needed in all studies, but if single cells have
to be analyzed over time, the trapping of such a cell is of upmost importance. Basically,
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all of the trapping approaches implemented into microfluidic devices can be divided into
two subgroups: contact and contact-free trapping (Figure 2.2). Both of these approaches
have their own specific needs, advantages and limitations.
Contact-less trapping approaches include the use of optical tweezers [91], negative dielectrophoresis (nDEP) [92, 93], droplets [66, 94, 95] as well as magnetic [96], acoustic [97] and
hydrodynamic traps [98]. Contact-less single-cell trapping may be suitable to overcome
the undefined impact of surfaces but it generally has higher technical demands. However, single-cell holding forces can have a significant impact on the cells physiology and
health status, and therefore alter the cells behavior significantly. Alternatively, trapping
of single cells can also be achieved by using droplet microfluidics without the need of additional forces [66, 94, 95]. The encapsualtion of cells into droplets does not only confine
the cells within the droplet, but also isolates them from the surrounding and each other
(see Section 2.2.3). Although most eukaryotic cell lines need surface contact for survival,
procaryotic cells and blood cells do not necessarily need contact to surfaces for their survival and prolongation [86]. Even more, contact-less trapping approaches can prevent the
generation of unknown phenotypes induced by surface contacts.
Contact-based microfluidic devices involve the application of various microstructures.
Reported are the use of microwells [71, 99, 101], microchambers [102, 103], obstacles
[69, 100, 104], positive dielectrophoresis (pDEP) [105, 106], or simple cell-adhesion via
functionalized surfaces inside the microfluidic device [107, 108]. A combinatorial approach of the above mentioned methods for cell trapping are the so called cell valves
[109, 110]. Here, cells are hydrodynamically steered into small channels. Upon trapping, the cell blocks the channel, and flow is diverted around the channel. Tan et al .
[109] equipped their stystem with a laser setting to release cells upon the formation of
a microbubble that displaces the cell out of the trap. However, the most two common
contact-based trapping methods are the trapping via obstacles and the adhesion of cells
on the surface. The obstacles, later referred to as cell traps, can be directly integrated
into the mask design allowing the fabrication of traps and channels in one single step.
The traps’ dimension can be adjusted to the cell’s dimensions. Traps for bacteria [104],
mammalian cells [65, 69, 100], algae [111] and yeast cells [112] are reported. Also, double cell traps for controlled cell pairing and fusion are reported in literature [113]. In the
work presented here, cell traps were used due to their simple fabrication, robustness and
ease to handle. Furthermore, when flow is applied, the trapping of cells is reliable. Even
when adhesive cell cultures were assayed their on-chip time was minimized and was too
short to allow cell adhesion. For longer studies, cell adhesion might be beneficial since
the adhesive state resembles the more natural state of those cells.
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Figure 2.2: Different trapping approaches. A) Three representative pictures of RBL-1
cells in microwells with a depth of 16 µm and decreasing diameters of 40, 30 and 20 µm,
taken from reference [99]. Scale bar 100 µm. B) Design of a microfluidic chip for droplet
generation. The red rectangle indicates the section shown in the micrograph, in which
the drops are generated by flow focusing. The micrograph shows the encapsulation of
single Jurkat cells (highlighted by red circles) into droplets (volume 660 pl). Picture taken
from reference [94]. Scale bar 100 µm. C) High resolution brightfield micrograph of the
trapping array with trapped cells, taken from reference [100]. The magnification shows
the details of the trapped cell inside a cell trap.

2.2.3 Cell isolation
Cell isolation is not necessarly needed for all single-cell assays, however, when cells are
lysed cell isolation is crucial to prevent cross-contamination of the cells’ lysates. Furth-
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more, the isolation within a small volume reduces dilution and therefore keeps the concentration at detectable levels. There are several methods available to isolate cells from
their surroundings. Many methods that are available also achieve cell isolation, such
as the use of microwells [71, 99, 101], microchambers [102, 103] and droplets [66, 94,
95].
Another isolation approach uses the flexibility of PDMS used to build up a valving system
to isolate small amounts of fluids [74, 78, 79]. Here, the valves offer flexibility in the assay
design, since reagents can be added and substracted from the cell lysate. Furthermore, the
achieved volume is very small. Disadvantagous are the connections needed for the valve
control which add further complexity to the microfluidic platform, especially if large scale
integration is desired.
On the other hand, the use of microchambers embedded into plastic is very simple, and
large scale integration can be achieved very easily. However, the addition of fluids and
reagents after lysis is not possible anymore since it would lead to cross-contamination.
Examples for this technique are the work of Lee et al . [114] and Sasuga et al . [114] that
used microchambers composed of PDMS to isolate cells from each other.
Another possiblity is the isolation of the cells by creating emulsions, usually done with
droplet microfludicis [66, 94]. Here the cells are isolated from each other in small water
drops in an oil phase, and can be analysed one after each other. However, the same
drawbacks apply to this technique as when using microchamber. Additionally, specific
care has to be taken when lipophilic molecules are analyzed due to fast partitioning into
the oil phase.

2.2.4 Cell lysis
The ultimate goal of invasive single-cell analysis is the high-throughput recording of the
physiological status of single cells on all omics levels at a specific time point [86]. Much
of this information is only available by compromising their integrity, i.e. by cell lysis. Cell
lysis enables the downstream analysis of data from genomic, transcriptomic, proteomic
and metabolic levels [115]. However, depending on the analytical problem cell permeabilization may not be necessary. Intracellular proteins and metabolites can also be assayed
without cell lysis, i.e. when cell-permeable fluorescent reporter dyes are available [69] or
fluorescent analogues are introduced into the cell by transformation [59, 65]. Although almost all present molecules inside a cell can be made accessible for analysis, the temporal
dimension is lost. This renders approaches including cell lysis to be invasive, and nontime resolved since only a single time point can be observed with a single cell [86]. Cells
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lysis can be acheived by acoustic, chemical, thermal, mechanical, electrical and optical
approaches [116]. The method chosen for cell lysis is important for single-cell analysis,
since many lysis methods rely on certain physical or chemical requirements that can be
incompatible with the downstream analysis. Furthermore, the chosen method can have
a signficant and often undefined impact on the sample processing, the analyte structure
and therefore the analysis in general [86]. In general, the method chosen to lyse the cell
has to be much faster than the cellular process kinetics of interest. When interested in the
proteome, even a relatively slow, but thorough lysis can be exact enough, whereas when
the metabolome is targeted emphasis on a fast, but rather harsh, lysis must be laid. Furthermore, the method of choice is dependent on the nature of the cell. Mammalian cells
are in general easier to lyse compared to bacteria, yeast or algae. Protocols to lyse the
latter normally use harsher conditions and longer incubation periods, and are therefore
challenging to implement for the analysis of rapid cellular processes. The nature of the
analyte is also of upmost importance in the choice of lysis method. Chemical, thermal or
physical processes can modify many analytes during cell lysis, and therefore make a reliable analysis impossible. The method of choice also depends on the requirements of the
downstream processes, such as an enzymatic reaction or electrophoresis. Lastly, the cell
lysis method also depends on the available techniques in the lab. In the next passages,
the most common cell lysis techniques integrated into microfluidic devices are discussed
by using examples showing their respective advantages and disadvantages.
The most widely used method for cell lysis is chemical lysis. In this approach hypoosmolar buffer solution is used to lyse the cell. The addition of detergents, ambiphilic
molecules that solubilize the membrane, can further accelerate this process. The detergents interfere with the cellular membrane and assist the hypo-osmolar shock, but the
added detergent has to be carefully chosen. Stronger detergents, such as SDS, also interfere with the quaternary and tertiary structure of proteins, and are therefore less suitable
for the analysis of native proteins [117]. This leads to the need of optimization of the lysis buffer to the analytical problem. However, a large variety of detergents and ions are
available to prepare a hypo-osmolar buffer system, and therefore it is very likely that a
combination can be found upon optimization [118]. Chemical lysis usually provides lysis
in the time range of seconds [101] and is mostly chosen due to the minimal degree of technical complexity and availability in a standard laboratory. As an example, Sasuga et al .
[114] used chemical lysis to analyze single-cell enzymatic activities, and also analyzed the
ratio of the production levels of two transfected proteins inside a single cell. For similar
studies, chemical lysis is most suitable because the ion concentration as well as the nature
can be adapted to the specific enzymatic needs. Due to this flexibility and ease, the lysis
protocols presented in this work all rely on chemical lysis.

21

2 Single cell analysis

Thermal lysis is mostly the standard lysis technique when PCR reactions are performed
to detect RNA or DNA [119, 120]. PCR reactions are strongly dependent on the buffer
used, and therefore chemical lysis is not the method of choice. Since the platform is
anyway equipped with heating elements to perform the PCR, technical difficulties are
minor. Thermal lysis is not a method of choice when proteins are the targets of interest,
due to the possible risk of denaturation. Furthermore, if highly reactive metabolites are
to be assayed, the acceleration of the reaction speed at higher temperatures has to be
considered.
Electrical lysis has higher technical demands than chemical or thermal lysis, but results in
very fast lysis (in the range of milliseconds) [121] and allows high throughput, especially
when arranged in an array format [71]. Therefore, electrical cell lysis is a very interesting
method to study fast kinetic processes inside single cells. If the electrodes are already
used to trap the cells, the necessary facilities for electrical cell lysis are already in place.
However, limitations of the method are on the one hand the possible effect of Joule heating, and on the other hand the oxidation or reduction of redox sensitive analytes.
Optical and acoustic methods have the highest technical demands, and are therefore more
expensive and less used. Advantageous of optical lysis is the speed at which the cell is
permeabilized, that is in the range of micro- to a few milliseconds [122]. The method can
achieve high throughput, but heating effects have to be carefully monitored. Accoustic
lysis via ultrasonication is also possible, but very rarely used [111].
Lastly, lysis can be achieved by mechanical means [123, 124]. In microfluidics, mechanical
lysis is achieved by using shear forces. Di Carlo et al . [124] used integrated sharp obstacles, and the cell suspension was flushed through the orifices, resulting in the shearing
of the cells. Disadvantages of this method especially lie in the dilution of the analytes,
and possible intercellular cross-contamination that has to be optimized with care when
intereseted in single-cell analysis. Also mechanical lysis often leads to the formation of
vesicles, and therefore lysis is not as efficient in analyte release as the other techniques
[125].
Only few examples are found in literature that are able to access intracellular information
without cell lysis [126–128]. Zhan et al . [128] developed a technique allowing to electorporate cells without affecting their viability. Altough allowing to take sample at multiple
timepoints, such an approach has the potential to affect the cell’s behaviour due to the
induced stress reaction [129, 130].
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2.2.5 Analysis
In recent years, many analytical platforms have been developed that facilitate the analysis
of single living cells or the chemical composition of the cell content. While fluorescent
activated cell sorting (FACS) is the gold standard for very high-throughput analysis of
single living cells, the method cannot be employed for the quantification of intracellular
or secreted compounds. A milestone in microfluidics was reached with the integration
of flexible PDMS valves realized by Quake and co-workers [3, 131]. They are especially
applicable for single cell analysis and therefore help to reduce analyte dilution problems.
The power of this approach for single-cell analysis has recently been demonstrated by
analyzing the gene expression from hundreds of single cells in parallel [120]. In these
studies, the potential of microdevices for the analysis of DNA or RNA was demonstrated,
e.g. in combination with polymerase chain reaction (PCR) to enhance the sensitivity of
the measurements [120, 132, 133].
When targeting proteins and metabolites, the analysis is very difficult due to the lack of
suitable amplification methods, the large number of different compounds present, and
their variations in chemical nature. Furthermore, most intracellular biomolecules are expected to be present in low copy numbers in the order of a few to ten thousands per cell
[134], and hence the analytical method used must have a high sensitivity. Microfluidic
approaches have therefore been developed that analyze secreted proteins [92, 135, 136]
or fluorescent proteins within the cell [137]. The implementation of more powerful assays such as immunoassays and enzyme-linked immunoassays (ELISA) into microfluidic
devices remains difficult since they require several washing and incubation steps as well
as surface immobilization [138, 139]. Due to these challenges, it is not surprising that
only a few examples have been reported where proteins or metabolites were quantified
on the single-cell level [69–73]. For example, studies on the secretion of fluorescent compounds have been reported . Recently, the implementation with ELISA was presented
for the analysis of secreted (non-fluorescent) proteins from a cell culture (THP-1 cells)
[136].
In 2011, James Heath’s group (see Figure 2.3) presented a clinical microchip for the evaluation of single immune cells [78]. In this work, they developed a microfluidic device with
1040 microchambers that can analyze the expression level of several secreted proteins
from single immune cells. To detect these secreted proteins, the chambers are primed
with a DNA barcode on the bottom surface beforehand and antibodies against the target of interest (labeled with the anti-sense DNA) can be specifically immobilized on the
surface of the chip. The proteins are then detected with fluorescently labeled secondary
antibodies. In this work, they achieved astonishingly low limits of detection of about 100
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to 1000 molecules. Later, they used a similar microfluidic device for the profiling of intracellular signaling pathways [79]. However, in this work only relative amounts of proteins
were determined and no enzymatic amplification was used to increase the signal for low
abundance proteins to achieve quantitative results.

A

B

C

Figure 2.3: The single-cell barcode chip (SCBC) developed by the Heath group. A) Photograph of an SCBC. In this image, flow channels are filled with red food dye, whereas the
control channels are shown in blue. The inset shows a micrograph of 4 microchambers.
Overlaid is the fluorescence micrograph of the developed assay barcode for those same
microchambers, whereas the number of cells per microchamber is indicated in yellow.
The number distribution is random, but controlled by dilution. B) Drawing of the multiplex DNA-encoded primary antibody barcode array used for capture of secreted proteins
from single cells. The secreted proteins are detected by secondary, SA-dye labelled antibodies and measured in a fluorescent slide reader. Pictures taken from reference [78].
C) A photograph of a single microchamber. A cell is isolated in the cell chamber by the
valves, and the neighboring chamber contains lysis buffer. The duplicate DNA barcode
copies are converted into an antibody array prior to cell loading and lysis (not visible).
Picture taken from reference [79].
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2.3.1 Fabrication of the SU-8 masters
The master molds used in these studies were prepared by using photolithography. The
master molds for all of the projects presented in this chapter were prepared as described
below.
The SU-8 masters were prepared in a clean room on a 4 inch silicon wafer. To start the
process, onto a silicon wafer the photoresist SU-8 2015 was spin-coated to a height of 20
µm. Next, the wafers were heated for 10 min at 180 ◦ C. The dehydrated wafer was loaded
on a spin-coater and a step-wise protocol was used for spin-coating SU-8 2015 (100 rpm
for 20 s during SU-8 dispensing, 500 rpm for 10 s and 1750 rpm for 30 s). The first two
steps ensure spreading ot the photoresist, whereas the last step defines the height of the
resist to 20 µm. After a soft bake (95 ◦ C and heat for 4 min), the wafer was exposed to
UV light (150 mJ/cm2 , measured at 365 nm) in a mask aligner (MA-6 mask aligner, Karl
Suess, Germany). The photoresist was baked again (post-exposure bake, 95 ◦ C for 5 min)
and developed using SU-8 developer. The wafer was let cool down to room temperature
and then immersed into a bath of SU-8 developer for 4 min. The wafer was gently shaken
to remove unexposed SU-8, and then washed with clean-room grade isopropanol and
blow dry with nitrogen. The final wafer was baked in an oven for 2 hours at 180 ◦ C to
remove all residual solvent. The heights of the SU-8 features were confirmed with a step
profiler.
For the master fabrication for microcontact printing, a silicon wafer was dehydrated for
10 min at 180 ◦ C. 1 ml HDMS was spin-coated onto this wafer at 7500 rpm for 30 s. Afterwards, 2 ml of AZ1518 positive resist were spin-coated using a step-wise protocol (static
dispension, 5 s at 500 rpm, 60 s at 4000 rpm). First, the resist is dispensed, the second step
spreads the resist whereas the third step defines the height (of 2 µm) of the structures. After a 50 s softbake at 100 ◦ C on a hotplate, the resist was exposed to UV-light (21 mJ/cm2
at 365 nm) through a photomask and on a mask aligner. The resist was developed in a
bath of AZ 726 for 75 s. The developed wafers were rinsed with distilled water and blown
dry using a stream of nitrogen. Residual solvent was removed by heating the wafer at 115
◦
C for 50 s.
All master forms were silanized by storing the wafers overnight in an exsiccator under
vacuum, with added 20 µL of 1H,1H,2H,2H-perfluorodecyl-dimethylchlorosilane.
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Figure 2.4: Schematic of the SU-8 processing protocol. A silicon wafer is spin-coated
with SU-8 and soft-baked. The desired microfluidic channel design is transferred onto
the SU-8 using a photomask and UV-light exposure. After a post-exposure bake, SU-8 is
developed and hard-baked. Figure adapted from P. Kuhn.

2.3.2 Fabrication of the microfluidic chip
A multilayer microfluidic chip made from PDMS was used in these studies, with a fluid
layer and a control layer. The layers were prepared separately by casting PDMS from
the respective master forms. Alignment, assembly and bonding of both layers resulted
in the final device. The master form for the control layer of the microfluidic chip was
designed to be 1.6 % larger to account for shrinkage of PDMS after casting. Depending on
the respective assay requirements, several different designs were created. These designs
mainly differed in the amount of chambers, i.e. the first design contained only 10 of those
traps, whereas later designs increased the number to 60, 108 or even 432 chambers.
For preparation of the control layer, PDMS oligomer and curing agent were mixed at a
ratio of 10:1, degassed, poured onto the respective master form and cured at 80 ◦ C for
3 hours. Afterwards, the layer was cut to size and holes were punched with a biopsy
puncher (1 mm diameter, Miltex, York PA). To form the fluidic layer, PDMS and curing
agent 10:1 was spin-coated at 2000 rpm on the master form for the fluid layer to form an
approximately 40 µm thick PDMS layer, which was baked at 80 ◦ C for 1 hour.
Both layers were activated in an oxygen plasma for 45 seconds and afterwards aligned
under a Multizoom AZ100M microscope (Nikon Corporation, Switzerland). The assembly was cured overnight at 80 ◦ C to form a permanent bond between both layers. Finally,
the device was removed from the master form and access holes for the tubing (1.5 mm
diameter, Miltex) were punched. At the inlet, a pipette tip was used as the reservoir,
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Figure 2.5: Schematic of the microfluidic chip fabrication. The channel negatives, i.e. the
SU-8 structures on the master mold, are depicted in red. A mixture of PDMS oligomer
and curing agent is spin-coated onto the master form for the fluidic channels, and poured
onto the master form for the control layer. Both layers are cured in an oven. The control
layer chip part is disassembled from the wafer (control channel in blue) and holes for
the pressure connections are punched (white). Both parts, control and fluid layer, are
placed in oxygen plasma, and afterwards, aligned and bonded. The whole chip is then
disassembled from the fluidic master form (fluid channel in red) and fluidic access holes
are punched (white). Finally, the chip and a glass slide are bonded together after surface
activation in oxygen plasma.
which was glued on the chip using partly cured PDMS. The device was baked at 80 ◦ C
for another hour.
The device was removed from the master form and access holes for the tubing (1.5 mm diameter, Miltex) were punched. The device was finalized by bonding the chip to a cleaned
glass slide after exposure to oxygen plasma for 45 s in a Harrick Plasma Cleaner PDC-32G
at maximum power (0.75 mbar pressure, 18 W). If not stated otherwise, the surfaces were
inactivated by using a 4 % (w/v) BSA solution. The solution was centrifuged into the
chip (800 g, 5 min) and the chip was incubated for at least 30 min.
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For preparation of the stamp, the PDMS components were mixed at a ratio of 10:1, degassed and poured on the master form in a petri dish. The PDMS was degassed again to
remove trapped gas bubbles and the elastomer was cured at 80 ◦ C in the oven for at least
3 hours. After removal of the cured PDMS from the master template, the stamps were cut
to the desired size with a scalpel.

2.3.3 Chip operation
Custom-made metal connectors and silicone tubing were used to connect nitrogen gas to
the chip from a homemade pressure control device. Control channels were filled with
PBS by pressurization before the experiments. The reagents were loaded into plastic
syringes and supplied through Teflon tubing into the chip using a syringe-pump system (neMESYS, Cetoni, Germany). The top layer was pressurized to 3 bars for chamber
closure, and flow rates between 3-50 µL/min were used in the bottom layer during the
experiments. A LabVIEW program operated the valves in the pressure control device
that allowed precise control over opening and closing of the isolation chambers in the
chip.

2.3.4 Cell culturing
All cell lines were cultivated at 37 ◦ C and 7 % CO2 atmosphere. U937 (DSMZ, Germany)
and MLT cells (MERCK, Germany) were grown in RPMI 1640 supplemented with 10 %
FBS (dialyzed), 1 % Glutamax and 1 % Penicillin/Streptomycin. HEK 293 cells modified
with the tetracycline repressor expression system were grown in DMEM supplemented
with 10 % FBS, 1 % Glutamax, 1 % Pen/Strep and the two selection antibiotics blasticidin
HCl (10 µg/ml) and zeocin (100 µg/ml). Parent cell line of HEK 293 was grown in DMEM
supplemented with 10 % FBS, 1 % Glutamax and 1 % Pen/Strep.
Before splitting, adherent cell lines were incubated with 0.05 % Trypsin-EDTA for 5 minutes to detach the cells from the surface. Afterwards, a part of the suspension was transferred into a new flask. Adeherent cell lines were split twice a week, depending on their
growth rate to form a 80 % confluent layer on the next splitting day.
For suspension cell lines, a part of the suspension was directly transferred into a new
flask. Suspension cell lines were split twice a week, depending on their growth rate to
never exceed a cell concentration of 1 million cells per ml.
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2.4.1 Introducing the microchamber
Inspired by the work of Hsu and Folch [140], our group has previously designed microchambers that allowed the on-chip immobilization of small structures [4] (see Figure
2.6). This initial design was modified here to enable the trapping and isolation of single cells. The design of the device combines the ability to trap and isolate single cells
in picoliter volumes with the possibility of rapidly exchanging the fluid surrounding the
cell within a few hundred milliseconds whenever necessary. The architecture facilitates
the reliable trapping of a single cell, the further and repeated chemical treatment thereof
and the chemical analysis of biomolecules released from the cell. The core feature of the
device is a ring-shaped valve (200 µm in diameter, 80 µm wide) that surrounds the two
PDMS posts as shown in Figure 2.7. This feature is present in the control layer, which,
when actuated, isolates the trapped cells from the surrounding solution in a volume of
625 picoliters. To exchange the volume in the microchambers, the valve can be quickly
opened and closed again. Due to the reversibility of the valves, the cells can be exposed
to different solutions sequentially in a highly controllable fashion, e.g. for incubation,
washing and finally, cell lysis.

Within this chamber, cells are passively trapped due to introduced PDMS posts. These
hurdles are widely used in microfluidics and are needed for the physical trapping of
bypassing cells [69]. The distance between the two posts (8 µm) was chosen so that only
one cell can be trapped at a hurdle, and was optimized for the trapping of cells having a
diameter between 10 to 18 µm. Smaller objects were not trapped, whereas larger objects
got trapped first, but bypassed the traps because of the present laminar flow regime and
the resulting shear stress thereof on the object. Usually, the height of the device in 20 µm,
therefore also large objects would not be able to enter the fluidic channels. This height
was chosen because it is higher than the usual mammalian cell diameter, allowing to flush
and trap cells with little mechanical stress.

The chambers are organized in rows and each row that are connected via microchannel
systems. The channel between adjacent chambers was sufficiently long to account for the
entrance length effect [141], which describes the length of a channel that is required for the
formation of a stable flow profile. Under these conditions, cells are flowing preferentially
in the middle of the channel thus increasing the trapping efficiency.
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Figure 2.6: Schematic illustration depicting the principle of wire trapping. a) The device
consists of two different layers, a flexible PDMS membrane separating them. The bottom
fluidic layer is used for nanowire formation (yellow and orange fluids) and the top layer is
the control layer that can be pressurized by nitrogen (green). Wires formed at the interface
can be selectively immobilised by pressurizing the donut, thereby defining the length of
the trapped nanowires. b) Micrograph of the device. The channels in the fluid layer
(yellow) and the control layer (green) are filled with food dye. Picture reprinted with the
permission of RSC publishing from reference [4].

2.4.2 Characterisation of the microchambers
First experiments were done to thoroughly characterize the microchamber. Leakage studies, cell trapping efficiencies, trapping stability of cells and minimal opening times to assure fluid exchange within the chamber were studied and determined. The results from
these experiments will be discussed in the following section.
It is crucial for the experiments that the chambers were tightly sealed and no leakage
occurred as long as the chambers were closed. Therefore, a thorough characterization
of the microchamber itself was conducted first. To study which pressure is required to
tightly seal the chamber, fluorescein was enclosed inside the chamber, and buffer was
supplied outside (see also Figure 2.7 b). If the pressure is sufficient, the fluorescence
intensity is stable over time inside the chamber, i.e. fluorescein could not escape into the
surrounding channel and be washed away. On a second experiment, buffer was enclosed
and fluorescein was supplied. At a pressure of 3 bars, fluorescein was not able to enter or
leave the chamber over a time period of several hours, i.e. the chamber is tightly sealed.
Even after 12 hours, the chambers sealed tightly for flow rates as high as 200 µL/min.
Consequently, cell lysates can be retained in the chamber without loss of the intracellular
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Figure 2.7: Introduction to the microchamber. a) Close-up on a single microchamber.
One cell trap is located in the middle of each microchamber, the volume inside the chamber is filled with blue food dye whereas the surrounding channel system is flushed with
red food dye. Scale bar: 100 µm. b) Schematic of a microchamber. Fluid flow (depicted
in yellow) is used to introduce and trap a cell inside the microhurdle feature and to deliver compounds to the cell. The trapped cell can be isolated from the environment by
hydraulic actuation of a ring-shaped valve (grey color). Right: fluorescent micrograph.
For demonstration, a trapped U937 cell was stained with calcein. The ring-shaped valve
was pressurized and the external solution was exchanged with 50 µM fluorescein. Scale
bar: 150 µm. c) Dimensions of the microchambers and cell traps.
substances (besides adsorption to the chip material PDMS) when a channel height of 20
µm and a pressure of 3 bars is used.
Next, the cell trapping efficiency (i.e. trapped cells / total supplied cells) was studied. In
the presented devices, cell trapping efficiency was low because most cells did not flow
straight into the trap but are diverted around it. However, when a cell suspension of 1
million cells/ml was supplied at 5 µL/min, single cells were captured quickly. 90 % of all
traps were occupied after 2-5 minutes, 75 % contained one cell and around 15 % contained
2 or more cells. Longer supply of the cell suspension resulted in complete occupancy of
all traps, however, the number of traps with multiple cell occupancy also increased.
To demonstrate the high and stable cell trapping performance of the device, the microchambers were repeatedly opened and closed with individually entrapped cells. The
opening time was set at 750 ms, while a flow of 15 µL/min was flushed through the
channel. Each opening time was followed by an incubation of 15 min with closed microchambers. After 5 opening and closing cycles, only a loss of 2 % of all trapped cells
was observed during the complete experiment confirming the applicability of the device
for cell studies that involve repeated cell treatment with different solutions. This finding
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shows that it is possible to open and close the valves many times without losing trapped
cells, enabling the introduction multiple cell incubation and washing steps before cell
lysis is performed.
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Figure 2.8: Fluid exchange in the microchamber. a) The microchamber is initially filled
with buffer, a fluorescent solution is supplied in the outside channel at a flow rate of 50
µL/min. The opening time of 100 ms was too short to allow complete fluid exchange (left
column), while 200 ms is sufficiently long (right column). Scale bar: 100 µm. b) Solution
exchange depending on the flow rates and opening times. Time point 0 indicates the start
of the opening sequence of the microchamber. The use of lower flow rates, shown here
with 25 µL/min, leads to an incomplete solution exchange at 200 ms opening.

During the supply of lysis and assay buffer this should be as short as possible to prevent
loss of cell components after lysis, but also long enough to ensure complete exchange
of the liquid inside the microchamber. Therefore, the required opening time of the microchamber for fluid exchange was determined (Figure 2.8). Closure and opening of the
microchamber were achieved by pressurizing the control channel and releasing the pressure, respectively, via software-controlled valves. The opening time of the chamber was
thus defined as the delay time between the two actuations of the valves as set in the com-
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puter software. This, however, is not the effective open time, because the slow response
of the PDMS membrane and the adhesion of the PDMS membrane to the glass channel
bottom delays the chamber opening and closure. For example, a pre-set time of 50 ms was
too short to fully open the chamber, whereas times of 100 ms and above allowed opening
of the microchamber (Figure 2.8 a) due to the inertia of the system. To successfully exchange the fluid inside the chamber, not only the opening time plays a role, but also the
applied flow rate. For example, an opening time of 200 ms was sufficient for flow rates
of 50 µL/min, whereas for flow rates of 25-50 µL/min an opening time of 500 ms was
required to replace the complete liquid in one microchamber (Figure 2.8 b). However,
depending on the final design of the chamber area and requirements of the specific time,
opening times vary from project to project and can be found in the respective section.
For every given flow rate and opening time, complete fluid exchange was confirmed by
flushing away formerly enclosed fluorescein solution.
To conclude this section, a thorough characterization of the microchamber was performed
that assured the quality and repeatability of the cell assays presented later. Cells can be
trapped in the device, solutions easily applied and exchanged and opening times are in a
time range suitable to conduct fast kinetic experiments.
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2.5 Proof of concept: Fluorescence assay to determine
G6PDH
2.5.1 G6PDH variation and toxicity assay
Aim of the assay
After the characterization of the chambers, the possibility was explored to use the device
for single cell analysis. For this purpose, a simple and well-characterized toxicity assay
was performed to see whether the literature results can be repeated on the single cell level
by using the microfluidic device. The toxicity assay composed of the determination of the
expression levels of the enzyme glucose 6-phosphate dehydrogenase (G6PDH, see Figure
2.9). G6PDH, like other cytoplasmatic enzymes, can be considered as an indicator for
membrane integrity since it is released from stressed cells and therefore, has been used as
an unspecific marker for toxicity [142–144]. In this assay, single U937 cells were trapped,
isolated and lysed inside the microchambers. To start, a design with ten chambers was
chosen, 6 of which that contain one single cell trap, and 4 with multiple cell traps to see
whether the results also correlate with the number of cells used.

Assay specific methods
For experiments the cells were collected at a concentration of 1x106 cells/ml in CO2 independent media, i.e. the same media as described in Section 2.3.4, additionally containing 25 mM HEPES buffer. Cells were loaded on the chip at a flow rate of 5 µL/min.
The cells were then washed for 5 minutes with PBS at a flow rate of 30 µL/min. The microchambers were closed and lysis buffer (10 mM Tris HCl, 10 mM KCl, 1.5 mM MgCl2 ,
1 % (v/v) Tween 20, pH 7.4 with added 2 mM glucose-6-phosphate, 0.5 mM NADP+ , 0.5
U/ml diaphorase and 0.3 mM resazurin) was flushed at 10 µL/min for 10 minutes.
Supply of lysis buffer and assay compounds was performed separately for each microchamber, directly followed by the observation of fluorescence intensity with an inverted microscope (IX70, Olympus), equipped with a mercury lamp and optical filters
(HQ 525/50 Dichro 565 LP, LP588), and images were recorded with a digital camera (EMCCD 887, Andor) at exposure times of 0.02 s. The shortly (200 ms) opened microchamber
was monitored for 30 seconds with 20 frames per second and the resulting raw data (It )
were corrected for background fluorescence (obtained outside of the chamber, It,BG ) and

34

2.5 Proof of concept: Fluorescence assay to determine G6PDH

a)

b)

b)

Resazurin
Diaphorase
Resorufin

G6PDH
NADP

6-PG

NADPH

+
G6P

G6PDH
G6PDH
G6PDH

10 mm

Fluorescence [a.u.]

c)

Time [s]

Figure 2.9: G6PDH assay - Assay and chip design. a) The qualitative determination of
the intracellular enzyme G6PDH is based on the measurement of resazurin turnover. At
the start, a linear increase in fluorescence can be observed where the enzyme is converting
the substrate at maximum speed, i.e. the increase in fluorescence correlates to the amount
of enzyme. In later stages, the added components of the assay become rate limiting and
the enzymatic turnover decreases. b-c) CAD designs of the used chip design. Figure
b shows the fluid layer with the two inlets, ten chambers and one outlet. The last two
chambers in each row bare three cell traps each, whereas the others only contain a single
cell trap. Figure c shows the corresponding pressure layer, where six chambers can be
opened individually, and the other four in pairs of two.

normalised to the maximal signal (Imax , see Equation 2.1). The bleaching curve (It,Bl , obtained from a microchamber with an entrapped cell that was not investigated formerly,
i.e., resazurin was fully converted to resorufin) was also background corrected ( It,Bl,BG )
and normalized to the maximal signal (IBl,max , see Equation 2.2). The corrected signal was
further adjusted for bleaching and normalized to the maximal signal (St,corrmax , Equation
2.3). Normalized intensities (Snorm ) were displayed against time, and the linear part at the
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beginning of the resulting kinetic curve was fitted with a linear regression model.
It − It, BG
Imax

(2.1)

It, Bl − It, Bl BG
IBl, max

(2.2)

St, corr =

Blt, corr =

Snorm =

(St, corr + (1 − Blt, corr )) ∗ 100
St, corr max

(2.3)

For the toxicity assay, cells were incubated with 100 µM camptothecin (dissolved in DMSO,
final DMSO concentration in assay 0.5 %) for one hour. The cells were then lysed and
signal recorded (60 seconds, 6 frames per second) and data was processed as described
above. Control experiments where cells were incubated with 0.5 % DMSO over the same
time showed no loss of intracellular enzymes.

Results and discussion
As shown in Section 2.4.2, the minimal opening time was determined to be 200 ms. When
using cell lysis as a step in the assay, careful optimization of the cell lysis buffer has to
done first since the buffer has to fulfill two parameters: Cell lysis should occur reliably
and completely, but should not occur immediately. If immediate cell lysis occurs, the
chambers are still in an open state and intracellular biomolecules can be flushed away.
The herein used lysis buffer was able to lyse the cells in a manner of a few seconds, therefore minimizing the loss of analyte due to wash-out. To obtain the relative concentration
of G6PDH per cell, an enzymatic cascade assay was employed. Since the observed reaction is rather completed fast, the increase in fluorescence intensity was measured inside
the cell assuming that assay components were taken up quickly and reproducibly into
the cytosol once the lysis buffer impairs the cell membrane integrity.
A linear increase in the fluorescence intensity was detected for the initial 2.5-5 seconds,
followed by a slower, non-linear increase until a plateau was reached at 15-20 s indicating
that resazurin was fully converted to fluorescent resorufin (Figure 2.10 a). The slopes of
the linear increase phase (increase of fluorescence intensity per second, given in %/s) of
the analyzed cells were determined with a linear regression function and varied from 11.2
%/s to 19.0 %/s (n=20). Mean values over all cells were 14.9 ± 1.8 %/s.
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Figure 2.10: Results from the G6PDH assay. a) Enzyme kinetics from single cells. Black
traces show three example curves obtained from lysed untreated cells, i.e. with the maximal enzyme content. Orange curves show three example curves for cells treated with 0.1
mM camptothecin for 1 hour. The dashed line shows the maximal signal. b) Box plot of
slopes from linear fits of the first 2.5 s. The amount of enzyme significantly decreases due
to treatment with camptothecin. c) Correlation of cell diameter and measured amount of
G6PDH. Cell sizes were measured from brightfield images taken before the microchambers were opened to lyse the cell. The levels of the enzyme is independent on the cell size.
d) Control experiments (slopes from linear fits of the first 2.5 s are shown). 1: standard
lysis buffer (see material and methods). 2: 10 mM (5x) G6P. 3: 2.5 U/ml (5x) diaphorase.
4: 1.5 mM (5x) resazurin. 5: 2.5 mM (5x) NADP+ . Further increase of concentration did
not significantly change the kinetics, indicating that G6PDH is rate limiting.

To enable quantification, the rate limiting step has to be the turnover of G6P to 6-PG by
G6PDH. Therefore the substrate G6P was added in excess. Under the condition that this is
indeed the rate-limiting step of the entire reaction cascade, i.e. the conversion of resorufin
to resazurin occurs much faster, the slope of the first linear increase corresponds to the
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G6PDH concentration (see as well Batchelor et al . [144]). This condition was guaranteed
by supplying high concentrations of all assay compounds (G6P, NADP+ , diaphorase and
resazurin) in several control experiments and proved that a further increase of the concentrations of each compound by the factor of 5 did not affect the initial slope (Figure
2.10 d). The increase in fluorescence intensity per second was similar for all investigated
conditions indicating that these compounds were not influencing the slope. Additionally, high concentrations of all compounds at the same time also did not alter the kinetics.
Very low concentrations of an assay compound (or the lack thereof) can also influence the
reaction rate, when one of the reaction steps becomes diffusion-limited (data not shown).
For example, a low concentration of resazurin (10 µM) resulted in a decelerated fluorescence increase. With respect to resazurin, high concentrations could be advantageous,
because they expanded the linear part of the fluorescence curve, but also increased the
background fluorescence and DMSO concentration (residual from the resazurin stock solution). Therefore, an intermediate concentration of 0.3 mM was chosen for further experiments. When no G6P was added, only a small increase in signal was visible in the
observed time range, most likely due to the intracellular presence of G6P and NAD(P)H.
To further ensure that the assay components were reproducibly and quickly entering the
cells without significantly interfering with the reaction speed, a detergent was added to
the lysis buffer (Tween 20). Without the detergent, the initial slopes of the fluorescence
curves were more diverse, most probably due to slow and more heterogeneous uptake of
the components.
Interestingly, the variations in G6PDH levels were low and also did not correlate to the
cell size (Figure 2.10 c). Since G6PDH is the first enzyme in the pentose-phosphate pathway, the amount of G6PDH present determines the amount of glucose entering the pathway, and its constant gene expression is therefore important for maintenance of the cell
(a so-called housekeeping gene)[145].
The reasonably constant concentration in the cells makes it a suitable target for toxicity
assays where the intracellular enzyme loss is monitored. These assays relate cell health
to membrane integrity, and such a toxicity assay is shown in the following. As a proof-ofconcept, the alkaloid camptothecin was tested [144]. This chemical interferes with topoisomerase I and consequently, induces apoptosis. In high concentrations, as used here,
membrane integrity is also influenced so that cytosolic compounds are released from the
cell. For toxicity studies, the trapped cells were incubated with 0.1 mM camptothecin for
one hour and remained physically intact during this time. Afterwards, the supernatant
was replaced by lysis buffer and assay components, so that metabolites and secreted intracellular compounds were completely removed from the microchamber. Analysis of
the fluorescence increase revealed much lower slopes than the ones obtained for healthy
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cells (Figure 2.10 a and b) that correspond to a significant loss of intracellular enzymes.
After incubation, the cells contained only about a third of the enzymes compared to untreated cells (mean 4.75 %/s ± 0.75 %/s). Since also 0.5 % of DMSO was present due to
the addition of camptothecin to the lysis buffer, control experiments with cells incubated
with 0.5 % DMSO for one hour were performed. They showed no significant change of
intracellular enzyme content.

Conclusions
By using this first design and a cell toxicity assay, it was shown that it is indeed possible
to trap, isolate and analyze single cells, and quantify selected molecules. The integrated
cell traps within the microchambers facilitated the quick and efficient exchange of buffer
and solution, while maintaining the cells in the microchamber. The assay could nicely
repeat the findings from literature and bulk measurements, but on the single cell level
since the device facilitated reliable determination of the harmful effect of camptothecin on
individual cells. However, the G6PDH toxicity assay has several limitations. Mostly, the
cells have to be monitored each at one time, meaning that high-throughput is not easily
possible. Furthermore, calibration to receive quantitative information from the G6PDH
toxicity assay was not possible. Nonetheless, these first results were a good starting point
and motivated to further investigate into these kind of devices, towards the final goal of
quantifying cAMP in single cells to detect neutralizing antibodies.
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2.6 Quantification of intracellular NAD(P)H - increasing
throughput
2.6.1 Determination of intracellular NAD(P)H amounts
Aim of the assay
When quantifing on the single cell level, a sufficient number of cells has to be assayed to
have enough data for meaningful statistical analysis. To overcome the limitation of low
throughput of the first microfluidic device, a new microdevice with more microchambers
was designed. The new design consisted of 108 chambers, which could be attenuated in
pairs of 54. Since these chambers cannot be addressed individually one after the other,
another toxicity assay was employed for the characterization of the device (Figure 2.11),
where an endpoint measurement is performed instead of continously monitoring the
chamber. NADH and NADPH coenzymes (later referred to as NAD(P)H) are involved in
many assimilatory pathways as well as maintaining the intracellular redox state together
with glutathione [146]. In this assay resazurin is converted to a fluorescent dye (resorufin)
in the presence of NAD(P)H in a stoichiometric manner, therefore detection of the fluorescence intensity at the endpoint was able to quantify the amount of NAD(P)H present
in the cell beforehand. When the cell is exposed to harmful oxidative substances, the
amount of reduced NAD(P)H species decreases. Therefore, the functionality of the paralelized device was shown by determining concentration levels of the coenzymes NADH
and NADPH in healthy and oxidatively stressed U937 cells.

Assay specific methods
In the second generation design, 54 chambers (6 lines of 9 chambers) are attenuated at
once. Since the 9 chambers in line were actuated by the same valve, it had to be confirmed
first that the last microchambers were refilled with the new solution without interference
of released liquid from the first microchambers. Consequently, an opening time of 750
ms (instead of 200 ms) at a flow rate of 50 µL/min was enough to reliably flush away the
complete content of all microchambers.
Cell loading of the device was carried out as described before. For investigation of the
NAD(P)H concentrations, U937 cells were used. After loading, the microchambers were
closed and lysis buffer (10 mM Tris HCl, 10 mM KCl, 1.5 mM MgCl2 , 1% (v/v) Tween
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Figure 2.11: NAD(P)H assay - Assay and chip design. a) NAD(P)H concentration measurement. The lysis buffer contains diaphorase, which converts resazurin to fluorescent
resorufin in the presence of NADH or NADPH. b) Schematics of the used chip designs.
The black CAD drawing shows the fluid layer, with three inlets, the chamber area and
one outlet (from left to right). The red CAD drawing shows the used pressure layer,
where two channels are used to control 54 chambers each. c) Low-magnification image
of cell isolation chambers filled with blue food dye, channels are filled with red food
dye. 12 rows of 9 microchambers each are integrated in one device, allowing studies of
a maximum of 108 single cells. Scale bar: 1 mm. d) Fluorescence image, each bright
dot represents a single cell (zoom-in on 5 cells for visibility). Cells were stained with
CellTracker Green from Invitrogen. Images were recorded with a Nikkon Multizoom
AZ100M microscope equipped with a long distance objective, mercury lamp and optical
filters (BrightLine Basic GFP BP Filter set). Scale bars: 200 µm.

20, pH 7.4 with added 0.5 U/ml of diaphorase and 10 µM resazurin) was flushed at 10
µL/min for 10 minutes. Afterwards, the flow rate was changed to 50 µL/min and the
microchambers were opened for 750 ms using the LabView software. The quick opening
of the microchambers does not lead to loss of intracellular markers since the cell remains
intact for several seconds before lysis starts. After lysis, the cell lysate was incubated
for 15 minutes. During the incubation time, bright field images of the microchambers
were obtained to confirm the number of cells inside the chamber. Afterwards, fluorescent
images were taken with an exposure time of 0.2 s. Fluorescent signal was monitored
with an inverted microscope (IX70, Olympus), equipped with a mercury lamp and optical
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filters (HQ 525/50 Dichro 565 LP, LP588), and images were recorded with a digital camera
(EMCCD 887, Andor).
Data was background corrected (microchambers without a trapped cell exhibited a weak
fluorescence signal, see Equation 2.4).

Ii,corr = Ii − Ibackground

(2.4)

Off-chip control experiments were performed on a multiwell plate using a Varioskan Multimode Reader (Thermo, Switzerland). 400 000 cells per 200 µL were either incubated for
15 minutes in PBS or 0.1 mM hydrogen peroxide in PBS for 15 minutes. The cells were
directly harvested in lysis buffer. Directly before inserting the multiwell-plate into the
plate reader a mixture of enzyme and dye in lysis buffer was added to the cells to a final
concentration of 0.5 U/ml diaphorase and 10 µM resazurin, mixed and pipetted into the
wells. The wells were monitored over 120 minutes until the fluorescence intensity was
constant. The single cell content was calculated by dividing the final, averaged fluorescence intensity by cell number. Three control experiments were performed, i.e. without
cells, enzyme or dye, respectively. For each approach four wells were measured in parallel.
To correlate the increase of fluorescence to the amount of NAD(P)H present in a cell, a
calibration was performed on-chip and off-chip. NADPH was added to the lysis buffer
(including 0.5 U/ml diaphorase and 10 µM resazurin) in concentrations varying from 0 to
1 µM, which corresponds to 0 - 625 amol NAD(P)H per cell for the microchamber volume
of 625 pl. NADPH was dissolved shortly before the experiment because of its instability in
aqueous solutions. For on-chip fluorescence measurements, the different solutions were
added on the chip after one hour off-chip incubation. One hour incubation time was
chosen to assure that the reaction is fully completed. The fluorescence was measured
over three hours with the same imaging settings as in the NAD(P)H assay.

Results and discussion

In the herein used asasy, the fluorescence intensity in the microchambers increased due
to conversion of resazurin to fluorescent resorufin until all present NAD(P)H molecules
were oxidized. After 10 minutes, the signal was stable and remained constant for at least
1 hour. To exclude artefacts, additionally control experiments were performed without
cells, enzyme or dye, respectively. Without addition of the substrate resazurin to the lysis
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Figure 2.12: Determination of NAD(P)H in single cells. a) Fluorescence intensity in the
microchamber after 15 min. Results are shown for the complete assay, and when either
the cell or the enzyme diaphorase are missing (n= 25). b) Calibration by adding NADPH
to the lysis buffer. Signal increase is linear to the concentration of NADPH (slope=1.654
a.u./amol, R2 =0.998). c) Measurement of multiple cells in modified microchambers containing either one or three cell traps. The determined NAD(P)H concentrations depend
linearly on the number of trapped cells (n: number of investigated microchambers). d)
NAD(P)H concentrations of U937 cells measured in the microdevice. The concentration
of NAD(P)H was determined by using the calibration shown in b). The box plots show
the analysis of 150 individual, untreated U937 cells and 150 cells treated with 0.1 mM
hydrogen peroxide.

buffer, no fluorescence increase could be measured, and a small increase of fluorescence
was observed when the enzyme diaphorase was not in the lysis buffer (Figure 2.12 a).
This increase was probably due to naturally occurring NAD(P)H oxidoreductases inside
the cell. If no cell was present, no fluorescent increase could be observed. Therefore,
it was assumed that the signal increase is correlated to the present NAD(P)H moieties
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inside the cells.
Since NAD(P)H will also be used by other processes occurring in the lysate, the amount
of added diaphorase that resulted in a stable turnover of NAD(P)H was optimized. The
addition of diaphorase in higher concentrations (0.5-5 U/ml, data not shown) to the lysis
buffer accelerates the conversion of resazurin reduction allowing faster measurements
with higher accuracy since other NAD(P)H consuming cytosolic reactions are suppressed,
as compared to lower amounts of diaphorase (0.1 U/ml). However, no change could be
observed for concentrations above 0.5 U/ml, therefore this concentration was used.
Next, the NAD(P)H content of 150 single cells (Figure 2.12 d) was determined. Using the
linear calibration plot obtained for a solution of NADPH (Figure 2.12 b), the intracellular
NAD(P)H concentrations could be calculated, which were typically in the range of a few
hundred attomols for a single cell. Typically the concentrations largely varied from 0 to
1036 amol NAD(P)H per cell. The population of the cells was normally distributed as
confirmed by the test for Gaussian distribution. The mean NAD(P)H content per cell was
calculated to be 463 ± 219 amol. Additionally, the radius of the cells was determined to
be between 5.6 and 8.6 µm from micrographs taken before cell lysis. Interestingly, the
NAD(P)H content in the cells did not correlate with cell size (see Figure 2.13 a).
The concentration of NAD(P)H determined per microchamber corresponded to the number of entrapped cells. Although the focus was laid on single cell measurements here, the
device was modified by implementing more than one hurdle trap inside the microchamber. Here, the device could be used to entrap other defined (low) cell numbers in the
microchamber. Figure 2.12 c shows microchambers with three traps that were partly or
entirely filled by cells. Indeed, the total NAD(P)H contents of the microchambers indicate
a linear increase with the number of entrapped cells per chamber.
Next, the NAD(P)H concentrations of stressed cells were measured after treatment with
hydrogen peroxide. Hydrogen peroxide spontaneously decomposes into water and oxygen, and hydrogen peroxide is known to decrease the amount of the reduced coenzymes
NAD(P)H in cells. Trapped U937 cells were incubated with 0.1 mM hydrogen peroxide
for 15 minutes. Afterwards, the cells were lysed inside the chamber by applying the above
mentioned lysis buffer. Indeed, the analysis of fluorescence intensity in each chamber revealed a smaller amount of reduced coenzyme species in the cells compared to untreated
cells (mean 277 ± 251 amol, see Figure 2.12 d). Due to a large sample size, the performed
paired sample t-test showed that the mean of the two different populations, treated and
untreated, are significantly different at a level of 0.001.
For comparison, the same assay was performed in a plate reader with larger cell numbers
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(∼400 000 cells). Here, incubation time needs to be longer than on chip, therefore the wells
were monitored over 120 minutes until the fluorescence intensity was constant. The single
cell content was calculated by dividing the final, averaged fluorescence intensity by cell
number. The average of NAD(P)H concentration per cell was estimated to be 436 ± 84
amol for non-treated and 301 ± 54 amol for treated cells, respectively (n=4, Figure 2.12 b
and c). Hence, these results confirmed the reliability of the microchip method.
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Figure 2.13: NAD(P)H assay - Control experiments. a) Correlation of cell diameter and
measured concentration of NAD(P)H. Cell sizes were measured from brightfield images
taken before the microchambers were opened to lyse the cell. The levels of the coenzymes
was independent on the cell size. b) Plate reader results. If cells were lacking in the lysis
mixture, no increase in fluorescence was observable (green). Without the addition of the
substrate resazurin to the lysis buffer no fluorescence could be measured (blue), and a
smaller increase of fluorescence was observed when the enzyme diaphorase was not in
the lysis buffer (red). For comparison, the signal for the complete assay is shown in black.
For these experiments, 400’000 cells were measured in 200 µL lysis buffer. c) Calibration
curve for plate reader experiments, obtained from NADPH solutions in different concentrations from 0-1000 nM (slope 0.05 ± 0.003 a.u./amol, R2 =0.98). The findings support
the on-chip measurements.

Conclusions
In this section, a microfluidic device has been presented with an array of microchambers
sufficiently large enough to enable statistical analysis of the single cell data. The performance of the device was demonstrated by determining the concentration of the coenzymes NADPH and NADH in individual healthy and oxidatively stressed suspension
cells. By using an endpoint assay, the content of many cells in parallel was determined,
proving that the design is able to analyse cells with high throughput.
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However, the here described device is not useful for the determination of cAMP inside
single cells. The device can be used for endpoint assays after lysis, but repeated washing
steps are not possible since many chambers are opened at a time. Since cAMP is not a reactive species like NAD(P)H, simple turnover and endpoint reactions are not possible. In
almost all of the currently available assays for cAMP the molecule is detected via kinetic
analysis, and different reagents have to be added after lysis. The use of the assembly as
shown in this section would lead to cross contamination of the samples when the chambers are opened after cell lysis, e.g. for washing or reagent addition. Therefore, it was
concluded that, although the design enables higher throughput, it is not useful to fulfill
the final goal, but only slight modifications of the device design should lead to a microfluidic chip enabling the detection of cAMP via enzyme-linked immunoassay as described
in the following section.
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2.7 Single-cell immunoassays
2.7.1 Immunoassay for the detection of eGFP
Aim of the assay

cytoplasm
eGFP

lysis
anti-GFP
Protein G

bBSA

Streptavidin

Figure 2.14: Immunoassay for eGFP Schematic of the eGFP immunoassay. Cells expressing eGFP are trapped and isoalted within the chambers. Upon lysis, formerly intracellular
eGFP is released into the chamber, where it binds to anti-GFP antibodies that are immobilized on the bottom of the chamber. The amount of eGFP bound to the surface can be
detected by using TIRF microscopy, and should increase over time until equilibrium is
reached.
Since an ELISA assay for cAMP has to include washing steps and addition of reagents, a
novel design was created wherein every microchamber within a row can be opened and
closed individually. This enables the sequential supply of reagents to every single microchamber along the microchannel with virtually no cross-contamination when opened
separately. In the final device, the number of chambers had to be reduced to 60. Otherwise
the size of the microfluidic chip would have increased to bear space for all the connections which would have complicated the fabrication. Furthermore parallel monitoring of
all chambers would have not been successful since the microchamber area would have
been larger than the field of view of the used microscope. Since it was decided to perform
an immunoassay for cAMP, a binding surface is needed to retain the molecule inside
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the chamber during washing steps. For this purpose, antibodies have to be immobilized
on the glass surface. First, a protocol for the immobilization was established. For optimization, an immunoassay targeted against enhanced green fluorescent protein (eGFP)
expressed in single cells (instead of cAMP) was used (see Figure 2.14). The advantage
to use eGFP as an initial target in the immunoassay lies in the fluorescent properties of
the protein itself, which does not need further preparation steps for a fluorescent readout
and can therefore easily used to observe binding kinetics to the surface. Hence, the microchamber surface was treated to immobilize anti-GFP antibodies, and cells expressing
eGFP were lysed in the chamber. After lysis, eGFP is liberated from the cell and diffuses
through the chamber. Once it diffuses to the surface, it is immobilized on the surface by
the antibodies. Therefore, eGFP concentration at the surface increases over time. This increase can be measured by TIRF microscopy, since TIRF microscopy enables to visualize
only the first 100 to 200 nm above the glass slide. Therefore, background fluorescence
form the solution is greatly reduced.

Assay specific methods
To enable immunoassays, the microdevice fabrication as well as the surface modification
protocol had to be changed slightly. For the device fabrication, a cut pipette tip was used
as a reservoir at the inlet. The use of a reservoir facilitated fluid exchange within the chip.
The reservoir was glued on the non-bonded device using partly cured PDMS. The PDMS
was fully cured at 80 ◦ C for another hour.
The second protocol modification was needed for the creation of the actual binding sides
on the glass. These were introduced by a process called micro-contact printing, a step
performed shortly before bonding the final PDMS device to the glass slide. A master
form containing the negative relief was fabricated according to Section 2.3.1. Afterwards,
the PDMS stamps (containing posts of 2 µm height and 30 µm diameter) were wetted
with a bBSA/BSA solution. For the detection of GFP, 1 % bBSA to BSA was used. After
placing the stamps on a cleaned glass slide, they were exposed, together with the top
part of the microfluidic chip, to oxygen plasma for 45 s at maximum power (18 W) in a
plasma cleaner (Harrick Plasma Cleaner PDC-32G). After plasma treatment, the stamp
was removed and the printed surface was aligned underneath the microchambers of the
microdevice. The chip was then placed on a hot plate at 50 ◦ C for 30 minutes. To block
the remaining surface, sterile-filtered BSA solution (4 % (w/v)) was pipetted into the inlet
reservoirs and filled into the chip by centrifugation (800 g, 5 min). The use of centrifugal force eases the complete filling of the microchannels. BSA was incubated for 1 hour
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a)

c)

b)

Capture antibody
Protein G -biotin
Avidin Texas red
BSA
biotinylated BSA
Glass surface

Figure 2.15: The ELISA chip. a) Photograph of the device; the picture shows the fluid
reservoir for the application of different reagents and fluid channels, both filled with black
food dye, whereas pressure channels are filled with red food dye. b) Bright-field micrograph of the chamber array. In total, the device consists of 60 hurdles and chambers. As
shown by the different trapped food dyes, the chambers of one row can be actuated individually, thereby avoiding cross-contamination. Scale bar: 800 µm. c) TIRF microscopy
image of the glass surface, patterned with fluorescently labeled avidin. The antibodies
are immobilized on the bright areas as indicated in the drawings. Scale bar = 30 µm. The
large white circle shows the inner chamber border.
and subsequently the chip was flushed with PBS. At this point, the chip was either used
directly or could be stored for up to one week at 4 ◦ C without loss of activity.
To create a fully functional binding surface, the reagents (avidin:streptavidin, protein G,
and corresponding antibody) were loaded into the reservoir and sucked into the chip
using a syringe pump (neMESYS, Cetoni, Germany). The flow rate for the following
steps was always 5 µL/min. A 0.025 % (w/v) solution of avidin and streptavidin-Texas
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Figure 2.16: Microcontact printing Schematic of micro-contact printing. (1) A PDMS
stamp is incubated with protein (bBSA) solution. (2) The solution is removed, the stamp
is washed and a monolayer of protein remains on the stamp. (3) The stamp is placed on a
glass slide, thereby the proteins are transferred to the glass surface. During this time, the
microchip together with the stamp on the glass are exposed to an oxygen plasma. (4) The
stamp is removed and the microchip is bonded to the glass slide. For visualization, two
example structures are shown, printed with BSA-fluorescein conjugate.
Red (10:1) was flushed through the chip for 30 minutes. The fluorescent tag was used to
control the uniformity of the binding spots (see Figure 2.17). Afterwards, the chip was
washed with PBS for 10 minutes. Then a solution of biotinylated protein G (0.0025 %
(w/v)) was flushed through for 30 minutes. After another washing step with PBS, the
antibody was introduced (0.0001 % (w/v)). After 5 minutes, the flow was stopped for 15
minutes to allow the antibody to bind to the protein G and the device was again washed
with PBS.
For the immunoassay, eGFP expressing HEK293 T-REx cells were trapped, isolated and
lysed on chip. eGFP expression was induced in HEK T-REx cells 12 hours before the
experiment by addition of 5 µg/ml tetracycline to the medium. On the day of the experiment, the cells were harvested in enzyme free dissociation buffer at a concentration of
0.3 million cells/ml and filtered through a Cell Tricks 20 µm filter (Partec GmbH, Goerlitz, Germany). The cells were introduced into the chip at 20 µL/min for 5 minutes and
isolated. Lysis buffer consisted of 10 mM Tris HCl, 0.1 mM MgCl2 , 1 mM KCl and 0.1 %
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Tween 20 and was supplied to the trapped cells. Before opening the microchambers, the
flow rate was set to 30 µL/min, and then each column of chambers was opened sequentially for 0.5 seconds with 1 sec delay in between. This opening time is long enough to
assure complete volume exchange within the chamber, but as short as possible to complete the fluid exchange in the entire microchamber array within seconds.
Afterwards, fluorescence micrographs were taken of the closed microchambers on a TIRF
microscope. A 100x oil immersion objective (NA 1.47, HCX Plan Apo, Leica Switzerland)
was used to create the evanescent field at the correct angle for total internal reflection
(image area: 80 µm x 80 µm). The emitted fluorescence from the surface was collected by
the same objective. For eGFP, the excitation wavelength was 488 nm, and fluorescence
was passed through a 525 nm band pass filter. Fluorescence images were recorded using a front-illuminated EMCCD camera (iXon, Andor) with an exposure time of 200 ms.
Images were recorded every 10 s for 20 min. Each image series was analyzed with ImageJ to determine the mean grey values of the printed spots and the inter-spot area over
time.

Results and discussion
To enable immunoassays, the antibody against the target antigen was immobilized on
the glass surface as shown in Figure 2.18. This was achieved by micro-contact printing
of the biotinylated bovine serum albumin (bBSA) before bonding the glass to the fluid
layer. After assembly, a filtered non-biotinylated BSA solution was centrifuged into the
device and incubated for 2 hours to reduce the adsorption of other proteins to PDMS and
glass. The protocol then included introducing avidin and biotinylated protein G sequentially. This immobilization scheme via protein G allows great flexibility from this point
onwards to finally immobilize any desired antibody on the surface. In principle, bBSA
could be also introduced into the chip after assembling, which would result in a homogeneous immobilization on the glass surface and the PDMS channel walls. However, the
patterning via micro-contact printing prior to chip assembly was preferred as it restricts
the binding spots to the glass surface.
The quality of the bBSA immobilization pattern was conveniently tested by fluorescent
microscopy for every microchip using fluorescently tagged streptavidin and allowed a
good estimation and control over the number of binding spots for the antibody. Fluorescent micrographs confirmed the homogeneous fluorescence intensity within the spots
and over all spots on the chip. Chamber to chamber variation was less than 2 %, and
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Control

Schematics

Control experiments
assuring uniformity
of binding spots

After surface mod.:
Avidin-Texas Red
fluorescence

Control experiments
assuring single cell
measurements

Before lysis:
Calcein fluorescence

Micrographs

After experiment:
Brightfield imaging
After experiment:
Propidium iodide DNA
staining
Control experiments
assuring complete
cell lysis

Control experiments
identifying functional
valves/blocked
channels

Before lysis:
Calcein fluorescence
inside cell
After lysis:
Calcein fluorescence
distributed in chamber
After experiment:
No fluorescein solution
inside closed chambers
After opening, fluorescein solution inside
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Figure 2.17: Introduced controls for all immunoassays. Control experiments performed
on every chip. Avidin-Texas Red conjugate is used to control the uniformity of the microcontact printing. Pictures from cells stained with calcein, bright-field images as well as
propidium iodide staining after cell lysis are used to count the number of cells per chamber before and after lysis. Cell lysis is assured by the distribution of calcein fluorescence.
At the end of the experiments, chamber functionality is controlled by the introduction of
a fluorescein solution into the device.
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chip-to-chip variation was negligible (less than 1.5 %), demonstrating the reliability and
reproducibility of the procedure (Figure 2.18). If needed, the surface modification protocol could be interrupted at any time and the chip could be stored in the fridge for maximum one week without any loss of surface binding ability.
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Figure 2.18: Binding kinetics of eGFP to immobilized antibodies. a) Coated area per
chamber. Three different chips (numbers 1 to 3) and all 60 microchambers were analyzed.
The mean column (yellow) shows the chip-to-chip variability derived from the average
values of chip 1 to 3. b) Binding kinetics of eGFP to immobilized antibodies. (1) Introduction of lysis buffer. (2) Increase of fluorescence on the bottom of the chamber can
be oserved after about 20 seconds. (3) Complete binding of eGFP. Right: Images of the
microchamber before (1) and after (3) cell lysis. (I: Bright field image, II: eGFP epifluorescence image, III: TIRF microscopy image (where only eGFP bound to the surface is
measured), IV: Texas red-labeled streptavidin using TIRF microscopy.)

As many immunoassays require washing steps, it was important to keep the loss of immobilized analytes during opening of the microchambers to a minimum. The dissociation
of analytes strongly depends on the dissociation constant of the antigen-antibody complex and hence, is specific for every analyte and antibody pair. Here, the dissociation
of GFP from the antibody was demonstrated as an example. For this, GFP of a concentration of 250 ng/ml was introduced into the microchambers instead of cells. TIRF
micrographs were taken before and after opening of a chamber. When the chamber was
opened for only 500 ms, the signal decreased only by 6 %. In contrast, when the chamber
was opened for 5 minutes with a constant flow of lysis buffer (10 µL/min), almost all of
the immobilized analyte was lost (signal decrease of 99 %). Therefore, the chamber opening time was set as short as possible (500 ms), but long enough to ensure complete fluid
exchange.
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Optimization of the protocol and first tests were performed with eGFP expressing HEK293
cells (Figure 2.18). Here, anti-GFP antibody was immobilized on the glass surface. Next,
the induced cells were flushed on the chip, trapped and isolated. Lysis buffer was flushed
and the chambers were quickly opened to introduce the lysis buffer to the cells inside the
chambers. For the assays, complete cell lysis is crucial, but lysis should not occur immediately. Therefore, the lysis buffer had to he optimized. It was found that cells are
fully lysed by using a hypo-osmolar buffer containing 0.1 % Tween 20 (see methods for
composition) to assist the osmolar shock. The use of the relatively mild detergent, Tween
20, also helped to reduce background signals and was not expected to interfere with the
assay protocols since concentrations up to 0.5 % are regularly used in ELISA washing
steps. When using the above-mentioned buffer, cell lysis occurs rather slowly (> 3 sec),
so that the short opening of the chamber during introduction of the lysis buffer does also
not result in a loss of analytes.
When observed via TIRF microscopy, the bright spots indicated that GFP was immobilized on the antibody-patterned spots, and hence confirmed that qualitative analysis of
intracellular compounds by a single-cell immunoassay was possible. Time-resolved measurements showed that the fluorescence signal was constant only after 10 minutes, i.e. the
incubation time required after cell lysis.

Conclusions
In this experiments, the assay relies on the inherent fluorescent properties of eGFP, and
the usefulness of the here presented immunoassay is limited to eGFP itself or other variants of the protein, and is not suitable for the detection of non-inherently fluorescent
molecules such as cAMP. However, the results are promising since they show that the
implementation of immunoassay was possible at the single cell level. In this section, it
was shown that it was possible to immobilize antibodies within the chamber. Furthermore, these antibodies were able to bind formerly intracellular eGFP after lysis. These results are promising steps towards the implementation of enzyme-linked immunoassays
(ELISA) at the single cell level.
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2.7.2 ELISA for the detection of GAPDH
Aim of the assay

Sandwich design: GAPDH
cell cytoplasm
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labelled
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detection buffer

Protein G
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Figure 2.19: Concept of GAPDH Sandwich assay. Cells expressing GAPDH are trapped
and lysed within the chamber. The formerly intracellular protein binds to the immobilized anti-GAPDH (capturing antibody). Afterwards, the secondary labeled antibody
(detection antibody, here horseradish peroxidase) binds to the immobilized protein. After
incubation, unbound detection antibody is washed away and bound detection antibody
is detected via the generation of a fluorescent moiety.

Most intracellular biomolecules are expected to be present in low copy numbers of around
a few tens of thousands [134] and hence, the analytical method must have a high sensitivity in combination with a high specificity. Both requirements are nicely provided
by enzyme-linked immunosorbent assays (ELISAs), where the signal amplification is
provided by the enzyme-catalyzed conversion of a substrate to a fluorescent product
(or a chemiluminescent product). ELISAs are powerful methods for the identification
and quantification of target molecules, but require several washing and incubation steps
as well as surface immobilization (Figure 2.19). In the following, the use of the microchamber array for single-cell ELISA with GAPDH as the target protein is demonstrated. GAPDH was considered to be an optimal target for the evaluation of the method
since it is an essential enzyme in glycolysis and the number of copies per cell is expected
to vary little within cells from the same tissue origin, i.e. a controlled cell population
[147].
Furthermore, the oligomeric protein allows the binding of multiple antibody molecules,
even if they recognize the same epitope. To achieve this goal, microchamber arrays with
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immobilized polyclonal anti-GAPDH antibody (capture antibody) were prepared. Next,
the cells of interest were trapped and lysed. Additionally to the lysis buffer, the second
enzyme-labeled antibody (detection antibody) was introduced. After a further washing
step, the remaining detection antibody was determined by using a substrate for the enzyme label.

Assay specific methods
Cell harvesting and loading was performed as described before. Additionally, the cells
were stained with 25 µM Calcein AM to make them fluorescent for cell number detection.
For the GAPDH-assay, the lysis buffer additionally contained 12.5 µg/ml HRP-labeled
anti-GAPDH.
After lysis, a solution of 20 mM HCl was flushed through the chip to inactivate nonspecifically adsorbed HRP in the channels (outside the microchambers) for 15 minutes.
The device was quickly washed with PBS. Afterwards, the freshly prepared substrate solution was introduced into the chip (0.1 mM hydrogen peroxide, 0.1 mM Amplex Red
in PBS). Chambers were opened quickly (500 ms opening time, 1 s delay time) and data
was collected using a zoom microscope (Multizoom AZ100M, Nikon Corporation, long
working distance objective 0.5x, optical zoom 2.7x, see Figure 2.20). Fluorescent Micrographs were taken using a digital camera (Nikon digital SIGHT DS-Fi1, Nikon Corporation, Japan) and optical filters (for the detection of resorufin, an excitation at 555/40 nm
and emission at 625/40 nm; for the detection of calcein an excitation at 470/20 nm and
an emission at 550/50 nm) at exposure times of 30 seconds (resorufin) and 6 seconds (calcein). For the GAPDH ELISA, fluorescent micrographs were obtained every minute.
To confirm the absence of any leakage from the chamber, a 50 µM fluorescein solution in
PBS was introduced into each chip after the experiments. Fluorescent micrographs were
obtained showing the absence of fluorescein fluorescence inside the chamber. To show
that the valves were still functional, the chambers were quickly opened and micrographs
taken afterwards showed the presence of fluorescein within the chambers. The chip including the microchambers was flushed with propidium iodine (10 µg/ml) in PBS to stain
the DNA of the lysed cells. The chip was disconnected and transferred to an inverted microscope (IX70, Olympus, Switzerland), equipped with a mercury lamp and optical filters
(excitation filter 525/30 nm and an emission filter at > 600 nm), and fluorescence as well
as brightfield images were recorded with a digital camera (EMCCD 887, Andor, Belfast
UK) to ensure that single-cell lysates were analyzed (Figure 2.17).
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Figure 2.20: Mounted chip on a multi zoom microscope. In this photograph, the
mounted chip is shown. The micro chambers are filled with fluorescein that is excited
using blue light. Also visible are the pressure connections (2 x 4) in the front and back,
the connection to the pump (1 x front, left). In the back, the reservoir is visible that is used
to apply various fluids to the chambers.
For the calibration, the lysis buffer with various GAPDH concentrations was introduced
into the chip while the chambers were kept closed. The chambers were opened for 500
ms to introduce the antigen to the immobilized antibodies within the chamber. The assay
was then performed as described above.
Micrographs were analyzed using a custom MATLAB (MathWorks, Natick, MA, USA)
script. Initially, the micrograph of the chip filled with fluorescein was loaded and used
to determine the center of each microchamber within the image. These coordinates were
recorded to automatically define the inner area of each microchamber from which the
mean brightness was calculated and displayed as a function of time. The so obtained fluorescence intensities were corrected in the following way: (i) There are slight deviations
of the excitation light intensity within the microscope image. To account for them, a correction image of the microchip filled with fluorescein solution was taken after each ELISA.
The measured micrograph (signal) is divided by this correction micrograph and normalized. (ii) Next, the linear part of the monitored curve was fitted to determine the slope.
The fluorescence increased linearly in the time range of 5-10 minutes for the GAPDH as-
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say. (iii) To account for possible chip-to-chip differences, data was further divided by the
slope from chambers without cells and normalized. (iv) A data set was rejected if the R2
value was smaller than 0.99, i.e. only the linear curves are used. Only the microchambers
that were enclosed by fully functioning and sealing valves, hosted only single-cells and
where the cell was indeed completely lysed were analyzed. These microchambers were
identified in a number of controls as summarized in Figure 2.17.

Results and discussion
GAPDH amounts in U937 suspension cells as well as adherent HEK293 cells were determined. For this, microchamber arrays with immobilized anti-GAPDH antibody (capture
antibody) were prepared following the described protocol. Next, the cells were trapped
and lysed. In addition to the lysis buffer, the second enzyme-labeled antibody (detection
antibody) was introduced. After closing the microchambers, the entire chip was flushed
with hydrogen chloride (20 mM) to inactivate nonspecifically bound enzyme-antibody
conjugates on the channel walls [148]. After incubation, the chip was quickly washed
with PBS and Amplex Red was introduced. The chambers were opened and, because
of the flow, unbound detection antibodies were washed away and Amplex Red was introduced to the chamber. The conversion of Amplex Red to fluorescent resorufin was
monitored over time using a zoom microscope, which facilitates the recording of fluorescent images in 60 microchambers at the same time. From these measurements, the
slope from the linear part of the kinetic reaction was determined. This slope is directly
correlated to the concentration of the enzyme and, hence, to the concentration of analyte
(Figure 2.21).
First, U937 suspension cells were analyzed (Figure 2.21). Since they grow as single cells
or small clusters, a high percentage of single occupancy per chamber (75 %) could be obtained. Only single occupied microchambers were taken for data analysis. The results
from 48 single U937 cells revealed a narrow distribution of GAPDH, with an average
value of 2.6 attomol, with minimal and maximal values of 2.0 and 3.2 attomol, respectively. Next, HEK T-REx cells were analyzed using the same protocol. Using this cell line,
26.7 % of the hurdles in the chambers were occupied by one cell. Data analysis of 46 cells
revealed that HEK T-REx cells contained, on average, 2.5 attomol GAPDH, with maximal and minimal values of 0.9 and 4.1 attomol, respectively. Interestingly, the value did
not differ significantly when GFP production was induced in a subpopulation of cells by
addition of tetracycline (2.7 ± 0.4 attomol for stimulated cells, 2.5 ± 0.9 attomol for nonstimulated). In general, data showed little variation in the amount of GAPDH in both
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Figure 2.21: Results from the GAPDH Sandwich assay. a) Measured curves for chambers containing one (black) or no HEK293 cell (red). After a lag period in the beginning,
the fluorescence increase is linear between 5 and 10 minutes before the fluorescent intensities reached a plateau, indicating that the substrate is completely converted. b) Increase
of fluorescence intensity in a microchamber for normal kinetic reaction (column 1). In column 2, the chamber was washed after the reaction occurred and fresh substrate was introduced. As can be seen, the enzymatic turnover rate was dramatically decreased. Column
3 shows the fluorescent increase inside a chamber that was flushed with 20 mM HCl, resulting in the inactivation of the enzyme. c) Calibration curve showing the dependence of
the slope of fluorescence increase with the GAPDH concentration in the chamber. Dashed
line indicates the background signal at 7.01 ± 0.31 a.u./min. d) Histograms and box plots
of absolute GAPDH levels for two cell lines (U937 suspension cells and adherent HEK
cells).
U937 and HEK cells, indicating the function of GAPDH as a housekeeping protein.
The current limit of detection (LOD) is as low as 970 zeptomol per microchamber for the
ELISA described here. Compared to the standard ELISA protocols, the LOD is comparable in concentration and close to the theoretical limit of sensitivity given by the quality of
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the antibody (dependent on the binding constant to the target molecule) [149]. However,
it should be emphasized that an excellent improvement concerning the absolute number of detected molecules could be detected, by the factor of at least 1000, because of the
small volume of the microchambers. Further improvements of the LOD may be possible
by using antibodies with a lower dissociation constant and by further optimization of the
surface coatings to reduce the nonspecific adsorption of the second antibody.

Conclusions
In this section, it was shown that the device can be used for the detection of intracellular
proteins via sandwich ELISA. However, for small molecules that are present in high numbers such as cAMP, a sandwich ELISA is not the best choice. Firstly, cAMP is a relatively
small molecule and the binding of two different antibodies to the small metabolite is stericaly hindered. Furthermore, the concentration of intracellular cAMP is dependent on the
concentration of the hormone activating the cell, and should be varying heavily that could
pose a problem for a sandwich ELISA. Both problems, the higher number and variation,
can be solved by switching to an competitive ELISA. In this format, only one antibody is
needed, therefore avoiding sterical problems. For detection, a labeled antigen is needed
(that is commercially available) that competes with the unlabeled species produced by
the cell. Competitive ELISAs are very flexible in case of analyte concentration since the
amount of added labeled antigen can be varied. Therefore, we concluded a competitive
ELISA could be a succesfull analytical approach for the detection of cAMP.
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2.7.3 Competitive ELISA for the detection of cAMP
Aim of the assay
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Figure 2.22: Concept of cAMP competitive ELISA. cAMP production in murine leydig
tumor (MLT) cells is induced by the addition of lutropin (LH). Upon lysis, the secondary
messenger binds to immobilized anti-cAMP capturing antibody on the surface. Labeled
cAMP (HRP-conjugate) is added to the lysate and competes with cAMP for the binding
spots on the surface. Unbound labeled cAMP is washed away and cAMP is detected via
a fluorescence reaction.

Finally, all the pieces were in hand together to create a microfluidic device for the quantification of cAMP. For the determination of smaller analytes like cAMP with only one
epitope, a sandwich format cannot be applied. Instead, competitive immunoassays are
used to analyze smaller and more-abundant molecules. In this format, the detection is
obtained with a labeled antigen that competes with the non-labeled antigen for the binding sites present. This format was chosen for the determination of the second messenger
cAMP in murine leydig tumor (MLT) cells (Figure 2.22). The formation of cAMP is catalyzed by the enzyme adenylyl cyclase, which, in turn, is activated by neurotransmitters
or hormones such as luteinizing hormone via the G-protein coupled receptors (GPCRs)
[58].

Assay specific methods
For the stimulation of MLT cells, the cells were cultivated in 6 well plates (300’000 cells
per well). Media was changed to serum free RPMI supplemented with added 500 µM
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3-isobutyl-1-methylxanthine (IBMX) and the indicated concentration of lutropin. All subsequently used solutions additionally contained 500 µM IBMX. The cells were incubated
for 15 minutes at 37 ◦ C and afterwards washed with PBS and suspended in enzyme free
dissociation buffer. Additionally, the cells were stained with 25 µM Calcein AM for cell
number detection. Cell harvesting and loading was performed as described in Section
??. For the cAMP-assay, 370 ng/ml cAMP-HRP was added as labeled antigen in the lysis
buffer.
Here, fluorescent micrographs were taken at 0, 1, 3, 5, 7, 9, 12, 15 and 18 minutes. To obtain
the calibration curve for cAMP, the same procedure was performed with labeled (cAMPHRP, 370 ng/ml) and unlabeled antigen (cAMP, varying concentrations), dissolved in
lysis buffer and mixed off-chip.

Results and discussion
In this competitive assay, anti-cAMP antibody was immobilized on the microchamber
surface. Enzyme-labeled cAMP was added with the cell lysis buffer, which competes with
the non-labeled cAMP (from the cytosol) for the binding sites. After washing and addition of the substrate Amplex Red, the fluorescence intensity was measured in each microchamber over time. Again, the increase of fluorescence intensity taken from the initial
linear phase depends on the concentration of HRP and therefore correlates with the intracellular compound (here, the non-labeled cAMP). After a short lag phase, the increase in
fluorescence intensity was indeed linear and depended on the amount of enzyme present
(Figure 2.23 c). After ∼45 min, the curves reached a plateau. This observation could
not be explained by a complete conversion of the substrate, since the plateaus differed
in fluorescence intensities. Instead, assuming that the differences are caused by (partial)
destruction of the enzyme inside the chamber before the substrate was fully converted,
whose final amount per chamber is very low in this competitive assay (see additional control experiments in Figure 2.23 c). The enzymatic function of HRP involves the formation
of radicals and is therefore very prone to structural changes that could lead to enzymatic
activity changes, i.e., destruction [150]. This assumption was confirmed by repeating the
last step of the ELISA, i.e. were the fluorescent product resorufin was removed after 45
minutes, and supplied fresh substrate. The fluorescence intensity was then only a small
fraction (1/10) than before indicating the reduced turnover rate of the enzyme. Further
a measurement was conducted where no substrate was introduced at the first step, but
later at the second one (after 45 minutes). The rates obtained were similar to those for
the first reaction, showing that the protein was stable when no substrate was present and
the loss due to washing was insignificant. Since the linear increase is measured within
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maximum of 18 minutes, stable enzymatic turnover rates is assumed (due to the linear
nature of the curves).
Based on these findings, the fluorescence intensity was measured at specific time points
(all below 20 min) to obtain the increase of fluorescence intensity per minute. Furthermore, for a quantitative analysis the number of binding sites as well as the concentration
of enzyme-labeled cAMP had to be carefully optimized as these parameters determine
the velocity of the fluorescence increase and, hence, define the distinguishable concentration range. The influence of the bBSA density on the velocity of the enzymatic reaction is
shown in Figure 2.23 a. For the assay, different ratios of biotinylated to nonbiotinylated
BSA were printed. The surface was then modified using streptavidin, protein G, and the
cAMP antibody. Afterward, only labeled antigen (cAMP-HRP, 370 ng/mL) was introduced into the chamber and incubated. After flushing the non-bound antigen away and
introducing the reagents, the fluorescent reaction was monitored. As expected, the time
needed for the full reaction correlates with the amount of binding sides (printed bBSA;
see Figure 2.23 a). While higher ratios are not distinguishable, because of the high velocity, lower percentages result in a slower reaction rate. Since image acquisition requires 30
s of exposure time, a dilution of 0.057 % bBSA in BSA was chosen for all further experiments. Using this density, the reaction requires ∼30 min to complete, giving enough time
for image acquisition as well as a short measurement time. For successful detection, also
optimization of the added amount of labeled antigen had to be done. From the literature,
more than 100 attomol cAMP per cell [58] were expected. For this amount, a concentration of 370 ng/mL cAMP-HRP (13.5 attomol per chamber) was found to be ideal, with a
dynamic range between 0 and 1500 attomol and a limit of detection (LOD) of 75 attomol.
Therefore, these parameters were set for the following measurements and used to obtain
the calibration curve shown in Figure 2.23 b.
cAMP measurements were performed using MLT cells, which are adherent; hence, it was
difficult to obtain high single occupancy of the cell hurdles. For a cell suspension of 0.3
million cells/mL and a cell loading flow rate of 30 µL/min, a single-cell occupancy of
27 % was found after 5 min. Out of 480 hurdles on 8 chips, 131 hurdles contained single cells. However, multiple cell occupancy often occurred (32 % of all hurdles), as well
as a larger number of empty hurdles (41 %). Increasing the cell flushing time decreased
the number of empty hurdles, but increased the multiple occupied chambers accordingly.
Next, a dose-response curve for cells stimulated with lutropin was prepared, which were
additionally treated with 0.5 mM IBMX to inhibit the degradation of cAMP due to phosphodiesterases present in the cell. The addition of IBMX guaranteed constant cAMP levels over the measurement time and therefore simplified the protocol. For the stimulation
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Figure 2.23: cAMP assay - results. a) The number of binding sites is determined by
the concentration of bBSA (% bBSA to BSA) during micro-contact printing. Here, the
dependence of the signal increase time is given for different concentrations. Red dashed
line shows the trend of the time needed to 95 % substrate conversion. b) Correlation
between cAMP content of the chamber and fitted linear slope of the kinetic curves. c)
Fluorescence intensity in chambers without cells, nonstimulated cells and cells stimulated
with lutropin (selected chambers). The linear region (gray) is used to determine the slope.
curve, the intracellular level of cAMP in single MLT cells for 8 different concentrations
of lutropin were analyzed (see Figure 2.24). The results show that MLT cells have a high
basal level of cAMP (due to IBMX; average of 263 attomol), increasing to an average of
∼900 attomol for lutropin concentrations above 20 ng/mL. These average cAMP levels
inside the cell are surprisingly high, but in agreement with a similar work obtained from
measurements of large cell populations [58].
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Figure 2.24: Dose-response curve for the cell stimulation with luteinizing hormone.
Dose-response curve for MLT cells at different LH concentrations (n = 21 for 0 ng/mL, n
= 14 for 0.1 ng/mL, n = 21 for 1 ng/mL, n = 22 for 3 ng/mL, n = 28 for 5 ng/mL, n = 18
for 20 ng/mL, n = 6 for 100 ng/mL, and n = 6 for 500 ng/mL). Determined EC50 : 2.51 ±
0.44 ng/mL. Red dots indicate mean values, and the red line represents the fitted doseresponse curve.
Furthermore, the resulting dose-response curve of the average cell behavior exhibits a
typical shape, with a half maximal effective concentration (EC50 ) of 2.51 ± 0.44 ng/mL,
which is in agreement with the literature. Hakola et al . [151] found a dose response behavior of murine leydig tumor cells towards the addition of lutropin with an EC50 value
between 1 ng/mL and 3 ng/mL. Others have reported an EC50 value of 1.53 ± 0.18 ng/mL
[152], but both values are within the range found in this study. For the quantification of
less-abundant molecules, a study was conducted to further lower the LOD of the competitive assay. This was achieved by using a high dilution of 0.0066 % bBSA in BSA (less
binding sites) and a low concentration of cAMP-HRP (5 ng/mL, i.e. 181 zeptomol per
chamber). These settings were optimal for the detection of low cAMP concentrations
(LOD as low as 500 zeptomol). However, discrimination of antigen concentrations higher
than 5 attomol was not possible under these conditions.
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2.8 Conclusions
In this chapter, the development of a microfluidic platform for single-cell analysis was
shown. Finally, the intracellular amount of cAMP was successfully quantified by using a
competitive ELISA. The assay has a low limit of detection (zeptomoles), and the detection
range for the analyte can be fine-tuned over a large window (zeptomoles to picomoles).
The platform performs all of the required steps conveniently, including long incubation
times (on the order of hours) and short incubation times (on the order of seconds) and repeated washing steps. The subsequent analysis of the cell lysate is achieved without any
further transport of the compounds and with only slight dilution. Cross-contamination is
successfully avoided, because of the arrangement of the chambers and their sealing properties. Interestingly, the data revealed high cell-to-cell variability on the response to the
same LH stimulus, but is comparable when mean values of the cell responses are compared with bulk assays. The EC50 values found in this study is comparable with literature,
and underlies the reliability of the system.
However, although interesting for other scientific questions, the platform cannot be used
for the detection of neutralizing antibodies. If neutralizing antibodies would be present,
the concentration of free luteinizing hormone would decrease and therefore less cAMP
should be produced. As shown in Figure 2.23, the cell-to-cell variation in the cAMP response to luteinizing hormone varies by a factor of about ten for the addition of a specific
concentration of LH. Cell-inherent noise was found to be in orders where a reliable detection on the single-cell level of the neutralizing effect would not be possible, or very
challenging at least. This would require the analysis of many single cells to be able to
make statistically significant statements. However, that approach would be very time
consuming and laborious. Finally, this would render such an analytical setup comparable to bulk assays where thousands of cells are analyzed in the same well and averaged,
and would offer no benefits in the actual assay that would justify the complexity of the
setup.
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2.9 Outlook
Although not suitable for the detection of neutralizing antibodies, the devices presented
in this chapter opened new and fascinating possibilities for single-cell analysis. It was
shown that many different analytes could be detected using the developed microfluidic
device (see Table 2.1). The approach combines the concepts of cell trapping and isolation.
Therefore, the developed device and protocol enables to perform more complex assays
including immunoassays based on surface-immobilized antibodies. Here, the detection
of intracellular and secreted agents was shown using different assays, but many other assays are feasible on the chip. With slight modifications, the device should also be able to
perform polymerase chain reactions (PCR) to detect DNA, RNA or microRNAs of single
cells [153, 154]. Furthermore, the abundance of membrane proteins could also be verified by using fluorophore or enzyme-linked antibodies [66]. However, the throughput of
the method is a crucial limitation of all imaginable assays. When compared to FACS or
droplet microfluidics, the throughput achievable with the herein presented device would
be a fraction making it less useful for studies that can be conducted with these methods [155]. However, such studies should be possible and advantageous since one single
platform could be used for many different applications.
Investigated species
Enzymes, intracellular
Coenzymes, intracellular
Enzymes, secreted
Fluorescent proteins, intracellular
Proteins, intracellular
Metabolites, intracellular

Assay

Quantification

direct, kinetic
direct, endpoint
direct, kinetic
immunoassay
ELISA, sandwich
ELISA, competitive

relative
absolute
relative
no
absolute
absolute

Table 2.1: Summary of the single cell experiments. The nature of the detected species is
given as well as the assay used for detection and information of the quantification. For
more information, please refer to the text.
Further possibilities would be the study of the secretome of different cells [156]. There
are microfluidic devices able to perform this task, but the advantage of our device could
be the repeated measurement of a single cell over time. Since the chamber can be opened
and closed repeatedly, the limiting factor would be the cells’ health. In a pilot study it was
shown that it is indeed possible to detect secreted enzymes from a single cell. Here, single
monocytic lymphatic cells were activated with phorbol myristatic acid that resulted in the
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Figure 2.25: Enzyme secretion from single cells. Left: schematic of the assay for a secreted enzyme, here lysozyme. Lysozyme is secreted by single, PMA-activated U937 cells
and accumulates inside the closed microchambers, where it catalyzes the production of
fluorescent 4-methylumbelliferone. Right: Data obtained from a secretion experiment.
The green curves show the fluorescence intensity over time for chambers occupied by
one cell, also shown is a chamber without cells (black, dotted line) as negative control.

Rather obvious advantages would be the parallelization and automatization of the device, both enabling higher throughput [157]. When analyzing single cells, the number
of cells is very important for useful statistics and significant conclusions. The reasonable
minimal number of cells is under debate, but in literature normally between tens to hundreds of cells are analyzed. Here, the microchamber device could offer some advantages.
Up to 432 chambers can be arranged on a 40 x 24 mm glass slide (see Figure 2.26). A
further improvement is the automatization of the device operation, especially the detection. Here, the use of a modified plate reader with high resolution that could read each
chamber individually. This would also allow to increase the number of chambers massively, and therefore increase throughput massively. In conventional plate readers, arrays
of up to 1536 wells can be read, and a design in which the arrangement of the microchambers resembles the well plate dimensions would be ideal. However, the time needed to
complete the imaging of a whole array of 1536 chambers will greatly limit time resolution,
and therefore the amount of possible assays. Alternatively to a plate reader, an automated
microscope cold be beneficial since the monitoring of many chambers at once would be
possible, therefore increasing the time resolution of the apparature. Size increases of the
chamber area leads to certain difficulties in the fabrication. Firstly, these large glass slides
have to be very even and consistent over the whole area. Secondly, manual alignment of
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the control layer to the fluidic layer will be very difficult. Already with the device of 432
microchambers, not the whole device can be observed during the alignment process. The
complete chamber array was aligned to the cell traps within a small area in the middle
of the device. Imagining a much larger device, even a slight tilting of the control layer in
relation to the fluidic layer could result in mismatches at the edges of the array.

Figure 2.26: Large-scale integration of the microchambers. Photograph of two microfluidic devices containing either 108 (left, front) or 432 chambers (right, back). The latter device shows the possibility to fabricate devices with a large number of chambers, thereby
allowing higher throughput and better statistics.

To overcome these limitations, a conveyor of small devices paired with a fluorescent slide
reader could help to increase the throughput without sacrificing the benefits of the smaller
devices (i.e. easier handling and fabrication). The devices would be aligned one after
each other, and each position of the conveyor allows one working stage, such as surface
functionalization, cell loading, cell lysis and finally detection. This would greatly increase
throughput since many devices can be modified simultaneously. Assuming that one stage
needs around 10 minutes to be completed and a chip with 60 chambers is used, a theoretical throughput of 360 single cells in one hour is feasible. Compared to FACS, where up
to millions of cells can be analyzed per hour, the achieved throughput would be still low
but considerably higher than in the here presented devices normally running one or two
assays per day.
Further, the implementation of a different lysis method into the device would increase
the versatility of possible assays. The integration of electrical lysis was chosen for pilot
experiments (see Figure 2.27). Here, gold electrodes were deposited by evaporation on a
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glass slide, and the cell traps from the fluidic layer were aligned accordingly to the electrodes. This allowed the trapping of cells in between the electrodes. Upon switching on
the electric field, cells were lysed or electroporated, depending on the applied protocol
(strength, duration and number of pulses). This would also open up the chance to use the
device for the on-chip electro transformation of cells [158, 159]. However, further experiments are needed for the improvement of all of these parameters to optimize outcome.
Furthermore, the integrated electrodes can not only be used for cell lysis [160], but also
for detection of analytes such as RNA or DNA [161].
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Figure 2.27: Cell lysis by electric field. a) Micrograph from the final assembled device.
The microelectrodes are deposited by evaporation onto the glass slide, and the whole
PDMS part of the chip is aligned to the electrodes so that the cell trap is localized between the electrode tips. b) Example curves from lysed cells. Here, U937 cells were
trapped and stained with calcein AM. Upon switching on the electrical field, the cells
are lysed. Depending on the strength, length and repeats of the pulses, complete lysis
(red) or electorporation (blue) can be achieved.

Since the current chip is designed for the analysis of single mammalian cells, one can
also imagine a similar microfludic device that is able to analyze intracellular contents of
bacteria and yeast, or other model organisms. For bacteria and yeast, the dimensions of
the chambers have to be designed considerably smaller [104, 162]. Although challenging
for the microfabrication processes (especially for bacteria), the smaller structures and volumes are beneficial for the limit of detection that is normally linked to the concentration
of the species inside the chambers. Also, copy numbers of enzymes and metabolites will
be considerably lower in yeast and bacteria, and therefore a smaller volume is absolutely
necessary to reliably achieve measurable concentrations.
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Figure 2.28: Lysed and dried cell lysates on a ITO glass slide. Here, the PDMS top
part was not bonded onto the glass slide, but both parts were pressed together during
operation. Cells were supplied, trapped and lysed within the chamber. Later on, air was
supplied into the channel system and the top part was removed. In this picture the 10
dried spots corresponding to the 10 chambers are visible. Such a procedure could allow
to link the microfluidic system to analysis systems such as MALDI-MS.
In all of the herein presented assays, the detection relied on the change in fluorescent
signals. Although very convenient in microfluidics, fluorescence limits the number of assays that can be run in parallel and therefore the number of different molecules that can
be detected. These limitations can be solved by the implementation of mass spectrometry,
where many molecules can be measured in parallel due to their differences in mass. The
coupling of mass spectrometry and the microfluidic device could be beneficial for many
studies, such as the detection of the differences of the metabolome of single cells. Here,
the integration matrix assisted laser desorption mass spectrometry (MALDI-MS) would
be beneficial. Other methods such as electrospray ionization mass spectrometry (ESI-MS)
would need the transport of the lysate to the spray source. Such a transport would result
in loss of analytes and further dilution that is unfavorable. With MALDI-MS, the analytes
are normally dried onto a conductive surface such as a steel plate or an indium tin oxide
coated glass slide (ITO slide). Due to its transparency, the use of ITO slides would allow
to visualize the cells in normal fluorescence or bright field imaging prior to the MS measurements. Indeed, pilot experiments showed that such an experiment could be possible
(see Figure 2.28). Here, the PDMS part of the device was attached non-covalently onto
an ITO-slide. Afterwards, the cells were introduced and lysed within the chamber. Cells
were detected by using the live-stain calcein, and after lysis DNA was detected using
propidium iodine. The fluidic channels were flushed with air in a way that each chamber
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contained the aqueous lysate, but had no water bridges to the next chambers. Then, the
PDMS part was lifted off the ITO slide and lysate samples were dried on the spot. The
array of chambers was visible after drying, and propidium iodine fluorescence could be
detected in each sample that previously contained a single cell. These first findings are
promising for the combination of the device with MALDI-MS, although several obstacles
have to be overcome until the device can be used for metabolome studies. First, absorption and adsorption of metabolites to the PDMS surface have to be minimized to allow
for reliable experiments. Second, MALDI-MS relies on the application of matrix to the
sample, and the co-crystallization of matrix and sample is of upmost importance for the
detection of the species inside the sample spot. The matrix could be applied in a later
stage to the dried spots, but careful addition has to assure that no spot-to-spot mixing can
occur. Lastly, when analyzing the cells metabolome, fast but reliable lysis and processing
has to be ensured. Since salts and detergents are known to suppress ion formation in
MALDI-MS, the lysis protocol has to be carefully optimized to assure data quality. However, if accomplished the range of analytical questions that can be addressed with the
platform would be manifold and provide an interesting basis for new single-cell studies
on the proteome and metabolome level.
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The Detection of Neutralizing Antibodies a cell-free Luminescent Assay
The content of this chapter is submitted or prepared in the
following research articles:
Eyer, K., Root, K., Robinson, T. and Dittrich, P.S.:
A simple low-cost method to enhance luminescent and fluorescent signals in
PDMS-based microdevices.
Submitted.
Eyer, K., Root, K., Verboket, P. and Dittrich, P.S.:
A microfluidic approach towards the quantitative detection
of neutralizing antibodies in serum.
In preparation.

3 Cell-free studies

3.1 Aim
In this part of the thesis, the goal was to create a microfluidic platform that is able to detect neutralizing antibodies in a cell-free environment. The developed method is based
on cell-derived vesicles obtained from a genetically engineered cell-line (see Section 3.4.1
for more information). These CHO cells were transformed to express the LHHCG receptor as well as a special form of clytin, a calcium-sensitive protein (see Figure 3.1) that
responds to LH with the generation of bioluminescence. Upon the presence of LH, the
hormone binds to its receptor and activates the signaling cascade, resulting in the formation of cAMP. The increasing concentration of cAMP in turn opens cyclic nucleotide
gated ion channels (CNG) that results in a depolarization of the plasma membrane and
leads to an influx of calcium. The enzyme clytin needs calcium to be catalytically active
and produce bioluminescence, and therefore the influx of calcium leads to an increase
in bioluminescence. Only free, non-neutralized hormone is able to bind and activate the
receptor. The fraction of hormone, later referred to as free LH, is reduced in the presence
of present neutralizing antibodies.
The chapter includes a short introduction to vesicles, the development and characterization of an optimized platform for luminescent studies and the measurements for the
detection of neutralizing antibodies using cell-derived vesicles.
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Figure 3.1: Assay for the detection of neutralizing antibodies. a) The cellular membrane,
as well as the vesicular membrane, contain the receptor for lutropin (LHHCGR), adenylyl
cyclase for the formation of cAMP, cyclic nucleotide gated ion channels (CNG) and the
cytoplasmatic protein clytin. b) Upon binding of LH, the receptor is activated that leads to
the conversion of ATP to cAMP. cAMP in turn opens CNGs, that lead to a calcium influx.
Calcium activates the catalytic function of clytin that starts producing bioluminescence.
c) Catalyitc cycle of clytin. To be fully functional, the apoenzyme needs to bind coelenteratzine and oxygen. In the presence of calcium, the enzyme converts coelenterazine into
coelenteramide. Byproducts of this reaction are carbon dioxide and the emission of light
around 470 nm that can be used to determine the calcium concentration present.
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3.2 Introduction to vesicles
In the mid sixties, Bangham and coworkers performed crucial experiments that established the field of liposome research [163]. In this groundbreaking work, they showed that
after the addition of an aqueous solution to dried lipids lipsomes were formed. Furthermore, they found that these liposomes exhibited similar properties as cell membranes,
and could be therefore used as a simple model system for the cellular membrane.
Liposomes can be categorized into different classes, depending on their composition,
lamellarity and size [164]. The barrier of multilamellar liposomes consists of more than
one lipid bilayer, whereas unilamellar liposomes only have a single lipid bilayer. Depending on the experiments, one or the other is favored. Multilamellar vesicles are usually
easier to produce, but are not suitable for all assays of interest. For most non-binding experiments, unilamellar liposomes are preferred as the results are easier to interpret, and
unilamellarity leads to more controllable and repeatable experiments.
Beside lamellarity, liposomes are categorized into three groups depending on their size:
small (less than 100 nm), large (between 100 nm and 1 µm) and giant (more than 1 µm)
liposomes. In the case of unilamellar liposomes, those are abbreviated to SUV, LUV and
GUV (the UV standing for unilamellar vesicle), respectively [164].
Lastly, depending on their origin, liposomes can be divided into artificial and cell-derived
liposomes. In the following sections, the various different preparation methods available to produce these liposomes, and the advantages and disadvantages of their use are
shown. Finally, a short overview about different of different immobilization techniques
is given.

3.2.1 Preparation of artificial vesicles
Artificially prepared vesicles are formed from a mixture of lipids or polymers that form a
bilayer-like structure when added to an aqueous solution [164]. They can be produced by
many different methods, such as electroformation [165], thin lipid layer hydration [166],
emulsion transfer or by microfludic means (for reviews on this topic, please refer to references [167, 168]). For an excellent overview of the different fabrication method, please
refer to Walde et al . [164]. Depending on the method used, GUVs or smaller vesicles are
formed. One critical point with these methods is the size distribution of the vesicles. Normally a narrow size distribution of the produced vesicles would be beneficial for studies.
However, in almost all preparation methods a heterogeneous mixture of sizes is achieved,

77

3 Cell-free studies

and a selection of a certain size has to be performed afterwards.
Some of these methods yield multilamellar vesicles that need further treatment to achieve
unilamellarity. Here, cycles of freeze and thawing are most widely applied to crack the
membrane layers during freezing and reassemble the bilayer structures during thawing,
resulting in unilamellar vesicles [166]. The vesicles undergoing this procedure are normally smaller than in the beginning, and their size can be further reduced by extrusion
[166] to a size of choice between 100 and 1000 nm, depending on the lipid mixture and
the pore size of the used membrane.
The use of artificial vesicles offers some advantages over native vesicles. First, the lipid
composition is defined by the user and can be tailored to the problem. Second, the repeatability of such a system is high since the same mixture of lipids can be used for many
different experiments. Furthermore, these vesicles serve as a simple model system for the
lipid bilayer of the cell, and certain lipids can be introduced to study their effect on the
membrane solely without many interfering processes. However, the simplicity is also a
drawback when comparing the lipid bilayer structures to the cellular ones and can lead
to false interpretations. It is a model system, and although it resembles the cellular membrane, it is also a simplification thereof. Furthermore, the introduction of proteins into the
bilayer still suffers from drawbacks such as non-controlled orientation and possible residual detergents that can alter the membrane composition and fluidity. Lastly, it was shown
in several reports that some transmembrane proteins are very sensitive on their lipid environment, and therefore for such studies it might be more beneficial to use cell-derived
vesicles that are discussed in the next section.

3.2.2 Preparation of cell-derived vesicles
The study of membrane protein interactions need to be performed in a native-like membrane environment in order to give accurate results [169, 170]. However, the membrane
of live cells is not suitable for quantitative biophysical characterization due to its heterogeneity. On the other hand, model lipid systems containing purified membrane proteins
are challenging to produce as the expression levels of membrane proteins are generally
low and they often missfold during purification and reconstitution. Plasma membrane
derived vesicles, defined as micrometer-sized, cytoplasm-filled spheres of membrane released by live cells, are an alternative model system for the studies of membrane proteins
because they mimic the molecular structure and composition of the native cell membrane
and exhibit a homogeneous distribution of proteins due to the lack of a cytoskeleton
[171, 172].
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There are different ways to derive vesicles from cells. In the seventies, an approach using
formaldehyde and dithiotreitol (DTT) was used by Scott to produce cell-derived vesicles
(CDV) [173]. Although very simple in execution, the approach suffers severe drawbacks.
The cross-linking agent formaldehyde has a largely unknown impact on membrane fluidity and protein structure, whereas the reducing agent DTT alters protein tertiary and
quaternary structure by the opening of disulfide bridges. In fact, many receptor proteins
are depending on disulfide bridges for the conservation of their active structure, and alterations can lead to a loss of binding affinity and receptor activation. Still, depending
on the goals of the conducted study, the protocol can be very suitable due to its simplicity. As an example, Bauer et al . used the vesicle formation via formaldehyde and DTT to
identify incorporated proteins by LC-MS/MS analysis of proteins of plasma membrane
vesicles [174]. In this work, they found a variety of different membrane associated proteins present in the CDVs, but also intracellular proteins. To overcome the limitations
of the protocol, Cohen and coworkers developed a vesiculation method that uses a hypotonic washing buffer that is followed by incubation in an osmotic buffer [175]. This
osmotic buffer does not rupture the cells, but stresses the cellular membrane in a way
that the cells respond by the production of vesicles. However, this method is only effective for highly adherent cell lines, such as the cancer cell line A431. An interesting
protocol was presented recently [176]. Herein, a slightly different buffer solution was
used to produce giant plasma membrane vesicles in Chinese hamster ovary (CHO) cells.
The interesting part of protocol is that it results in the production of giant vesicles, and
that the method is very mild in case of chemicals and therefore very suitable for protein
studies afterwards. Other approaches are the use of optical tweezers [177], or the simple
extrusion of a whole cell [178]. Plasma membrane vesicles can also be produced by disruption of the cytoskeleton of the cell [172]. A widely used agent for the production of
CDV is cytochalasin B [177, 179, 180].
Advantages of cell-derived vesicles are that their lipid composition is very similar to the
cell. Furthermore, proteins are present in the right conformation, and functional. Additionally, intracellular proteins are present that are needed for signaling cascades. The use
of CDV over cells offers several advantages. The cell’s health does not need to be monitored over time, and non-constant protein expression and cytotoxicity is of no concern.
Disadvantageous is the complexity of the membrane that is simpler than in a cell, but still
very complex in composition. Because the native vesicles can be stored for weeks without
losing their functional integrity, they may be used as an universal, efficient, and inexpensive bioanalytical tool for the investigation of cellular signaling reactions, replacing live
cells in membrane binding, signaling and interaction studies.
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3.2.3 Immobilization of vesicles
Liposomes can be used as a reaction container, detection agent or binding partner. For
most of these applications, monitoring changes over time are necessary. Therefore, many
different approaches to immobilize liposomes have been developed over time. This section gives a short overview of the different immobilization techniques. Immobilization
techniques can be divided into internal or external approaches.
Internal approaches need the incorporation or tagged lipids or similar with an agent that
reacts or bind to the surface. The most commonly used method employs biotinylated
lipids which can bind to immobilized avidin [181, 182] (Figure 3.2). This technique results
in the formation of stable biotin-avidin bonds, that are resistant to a certain extent of
shear force and anchor the liposome to the surface. This technique is very suitable for
artificially produced liposomes, since the lipid composition can be chosen according to
the assay needs, and biotinylated lipids are easily incorporated during the fabrication
of the liposomes. However, when using native vesicles, biotin derivatives have to react
with the liposomes to modify elements of the plasma membrane, and such experiments
are costly due to the large volumes in cell-culture, and lead to batch-to-batch variations
in the degree of biotinylation.

External approaches are first applied on the surface. Afterwards, bypassing liposomes
are immobilized to the surface by interaction. For instance amine reactive surfaces can
be used for the covalent immobilization of liposomes [183]. In this work, maleimides
were used to covalently react with amine groups that can be either present in the extravesicular part of the protein or lipid headgroups, such as phosphatidylethanolamine.
Self-assembled monolayers on gold surfaces have been used to immobilize liposomes,
but can result in vesicle rupture and the formation of bilayers on the surface of octanediol layers [184, 185]. Peptidic anchors have also been used. In an interesting work by
Percot et al . [186] they designed a peptide sequence that was able to immobilize liposomes to a polystyrene bead through electrostatic and hydrophobic interactions. Other
electrostatic approaches involve the adsorption onto genetically engineered cationized
albumin-biocoatings [187]. Hydrophobic interactions alone can also be used to immobilize vesicles, i.e. by coating a chitosan on gold that was modified with hydrophobic side
groups [188].
Alternatively, DNA hybridization can be used to immobilize vesicles [189, 190]. This
technique relies on the modification of lipids and the surface, and is therefore an intersection of both categories. Techniques for DNA synthesis are well developed, and in
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Figure 3.2: Immobilization of vesicles via biotinylated lipids by Stamou et al . [182].
First, biotinylated bovine serumalbumin (BSA-biot) is fixed on the surface in a defined
pattern by means of microcontact printing. The non-printed regions are passivized by
adsorption of BSA from solution. Streptavidin (Strept) is then bound to the immobilized BSA-biot. Biotinylated lipids introduced into the vesicular membrane mediate the
specific immobilization of vesicles. To minimize interactions with the non-printed surface, the vesicles carry charged and poly(ethyleneglycol)(PEG)-derivatized lipids. Picture
taken from reference [182].
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contrary to biotin-avidin DNA hybridization offers variation. Therefore, when different
spots of a defined sequence are spotted onto a surface, a vesicle mixture with different
DNA tags can be applied, each only immobilized on the specific spot. Alternatively,
polyhistidine-tags have been used to immobilize the liposomes to metal surface [191].
Depending on the size, liposomes can also be mechanically immobilized by contact trapping [192–194].
The choice of the immobilization technique can heavily influence the experiments outcome. In an interesting article, Sarmento et al . [195] looked at different biotinylated lipids
and their influence on the domains on GUVs, and found strong influence of the used immobilization lipid tag.
Also, our group has been working on liposomes and liposomal immobilization techniques. Here, two references of similar work will be discussed. Kuhn et al . [197] have
shown a microfluidic system that is able to measure the membrane permeability of tetracyclines. In this approach, liposomes are immobilized onto the glass surface via an avidin
biotin bond and covered by microchannels to allow continuous delivery of tetracycline
and buffer, i.e. by an internal approach. The biotin moieties are incorporated during the
production of the artificially created liposomes. After permeation of the drug moiety into
the liposomal lumen, the formation of a fluorescent drug europium complex was monitored using total internal reflection fluorescence (TIRF) microscopy. This work provided
the basis for the first project presented in this section, where a broader detection principle
for membrane permeation was investigated. One limitation of the assay presented in the
paper is the need of lanthanide-drug complex formation [197], i.e. the drug molecule of
interest has to have either aromatic carboxyl groups or alpha beta ketoesters in the structure. Furthermore, the drug molecule needs to absorb light at a certain wavelength in
order for the energy transfer pairing to be efficient. Since not many structures of drug
molecules are matching those criteria, a more general detection system had to be integrated into the vesicles. For more information on this project, please refer to Section 4.2.
Second, the immobilization technique used so far in our group relied on the incorporation
of biotinylated lipids into the membrane. Although very suitable for artificial liposomes,
the technique is inconvenient when native or cell-derived vesicles are used. The addition of the modified lipid to already formed vesicles can lead to micellar structures, and
successful incorporation is not assured. Therefore, our group developed an immobilization approach (Figure 3.3) where biological objects were immobilized by an interaction
with hydrophobic cholesterol [196]. A water-soluble molecule (cholesterol-PEG-biotin)
was used as a linker that was bound to surface-adsorbed biotinylated BSA (bBSA) via
avidin. In this work, it was shown that the developed protocol can be used to immobilize
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Figure 3.3: Immobilization of vesicles via biotin-PEG-cholesterol. a) First, biotinylated BSA (bBSA) is adsorbed onto the surface of a glass slide. Afterwards, supplied
avidin binds specifically to the bBSA. Next, flushed biotin-PEG-cholesterol binds to the
surface-bound avidin, linking the cholesterol tag to the surface. b) Cholesterol inserts
spontaneously into the lipid membrane of introduced vesicles with sufficient strength
to immobilize the liposomes. c-d) Immobilization of artificial liposomes. The liposomal
membrane is stained with DiI, visible in c). Furthermore, the lumen of the vesicle is filled
with HPTS, visible in micrograph d). e) 3-D rendering of an immobilized GUV. The picture is an overlay of the GUV membrane (stained with DiI, red) on a microspot that is
visualized with FITC-labeled streptavidin (green). f-g) Immobilization of native vesicles
derived from cell membranes via cyctochalasin b. Here, the bBSA is printed in a stripe
pattern. The vesicles were immobilized on the stripes, and afterwards Calcein AM was
supplied. Figure f) shows the TIRF microscopy image before addition of Calcein AM,
and Figure g) shows the fluorescence after 15 min incubation. The inset in f) shows the
fluorescence from the membrane-dye DiI before addition of calcein AM for comparison.
Scale bars: c, d, f, g: 30 µm and e: 10 µm. Pictures taken with permission from reference
[196].
artificial as well as cell-derived vesicles, viruses, yeast cells and bacteria. The immobilization was achieved by simply flushing a solution thereof through the channel and did not
need any chemical alternation of the biological membrane itself. This finding was very
essential for latter experiments performed with cell-derived vesicles since it allowed sta-
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ble immobilization without much alteration of the plasma membrane, i.e. the membrane
properties are very similar to those in the cell (for the performed experiments, please refer
to Sections 4.3 and 3.4).
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3.3 Optimization of luminescent intensities from
microfluidic channels
Sensitivity is an important performance parameter in any analytical setup, also in the
here presented setup. The microfluidic method should be sensitive enough to be able
to detect neutralizing antibodies that can be present in patients in different variants and
concentrations. Normally, analytical setups are optimized until the limit of detection is
as low as possible. Today, fluorescence and bio-luminescence setups are often used in
microfluidics because the transparent and planar microchips can easily be integrated onto
optical microscopes.
In the case of fluorescence, several factors can be optimized to enhance the performance
of the system [198]. An increase in sensitivity can be achieved by using better detection instruments, by the reduction of background signal, by increasing light input or by the use
of fluorophores with high quantum yields and/or molar extinction coefficients. Nowadays, even single molecule fluorescence detection can be achieved [15, 199–201], but requires expensive instrumentation. Also, most of improvements need the purchase of new
instruments or fluorescent molecules. In addition, increasing light input also results in
higher bleaching rates thereby decreasing the intensity of the signal. For chemi- and bioluminescent assays, the integration into microfluidic systems is even more challenging
due to the small volumes and therefore lower amount of molecules that generate light.
Here, sensitivity can be increased by using better detection systems, maximizing light collection or by using luminescent derivatives with higher quantum efficiencies. Many new
derivatives have been synthesized over the past decades that have higher relative intensities than their natural occurring moieties. For example, for coelenterazine that is used in
combination with aequorin, newer derivatives can have up to 500 times of the relative intensity of the natural compound [202]. Also, derivatives with enhanced emitted photons
have been presented for the enzyme luciferase [203–206]. Although these molecules increase light output and therefore can be used to increase sensitivity, the range is limited.
Therefore, the absolute signals recorded from the device will be lower, and better light
collection and detection is needed for the observation of smaller signal changes.
In the following section the optimization process to increase luminescence output from
immobilized cell-derived vesicles is shown. First, the amount of light recorded by a detector was optimized by mixing the two materials PDMS and TiO2 that created a reflective
composite. Second, the signal was optimized by the construction of a light tight box for a
photomultiplier tube. Both approaches are shown in the next section.
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3.3.1 Optimization of luminescent signal output - TiO2 composite
To increase the light arriving at the detector, a simple and cheap method to increase the
signal intensity from fluorescent or luminescent samples was achieved by adding titanium dioxide (TiO2 ) particles into poly(dimethyl)siloxane (PDMS) based microfluidic
devices (Figure 3.4). The combination of PDMS with incorporated magnetic particles
has been used to create flexible membranes with magnetic properties [207, 208] or incorporated zirconate-titanate particles lead to a composite with vibrational damping properties [209]. The pigment TiO2 has already been used in microfluidics as a coating in
electrophoresis applications, where it allowed the analysis of amino acids [210]. Combinations of titanium dioxide and PDMS have also been fabricated to create a composite
with controllable wettability properties [211], that can also be used to guide fluids inside
microfluidic channels [212]. Here, suspended titanium dioxide particles in PDMS were
used to increase the light output from microfluidic channels. Due to its wide use in food,
cosmetic and coating industry [213], titanium dioxide is readily available and extremely
cheap. One of the main features of the material is its ability to scatter visible light efficiently, thereby imparting whiteness, brightness and opacity when incorporated into a
coating.

Methods
Master molds were prepared by photo-litography as described previuosly (see Section
2.3.1) to a height of 20 µm. Microfluidic devices were prepared using the Sylgard 184 elastomer kit. The two components were mixed in a ratio of 10:1, and the indicated amounts
of TiO2 was sieved and added. The suspension was thoroughly mixed, degassed for half
an hour and subsequently poured onto the master mold. The assembly was put at 80 ◦ C
for 2 hours to cure. After curing, the elastomer was peeled from the wafer and cut into
the respective devices. Access holes for fluidic connections were punched with a biopsy
puncher (1.5 mm diameter, Miltex, York, PA, USA), and a reservoir was attached by using
semi-cured PDMS. The device was exposed to 80 ◦ C for another hour. To close the channels, the PDMS part was bonded to a glass slide after plasma activation for 45 seconds
at 18 W and 0.75 mbar (Harrick Plasma Cleaner PDC-32G, Ithaca, NY, USA). The final
assembly was put at 100 ◦ C for 10 minutes to assure a stable bond.
For fluorescence and luminescence measurements, the chip was mounted on an inverted
microscope (IX70, Olympus, Switzerland) and fluidic connections to the pump system
(neMESYS Cetoni, Germany) were established. Fluids were supplied to the reservoir and
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Microscope
objective

Microscope
objective

Figure 3.4: Simplified scheme of the optimization principle. Light emitted from a point
inside the microfluidic channel can propagate in each direction. Only light that propagates towards the objective can be collected, and can be measured. Right: If the microfluidic channel is coated with a reflective surface (e.g. TiO2 ), light propagating towards the
channel walls will be reflected towards the objective, and more light can be measured.
drawn through the channel. The fluorophores were excited by a mercury arc lamp, and
the following filters and camera settings were used:
• Fluorescein excitation filter 470/40 nm, longpass emission filter 500 nm
(2 ms exposure time, no gain)
• Resorufin excitation filter 535/50 nm, longpass emission filter 604 nm
(100 ms exposure time, no gain)
• 4-methylumbelliferone excitation filter 360/40 nm, emission filter 460/50 nm
(200 ms exposure time, no gain)
For luminescence studies, a 6 mM solution of luminol was prepared in 0.5 M sodium carbonate buffer. To this solution, 4 % (v/v) of hydrogen peroxide was added. The solution
was filtered and introduced on-chip using a syringe pump (2 µL/min). A second syringe
was filled with a solution of 50 U/ml horseradish peroxidase (HRP) with added 5 µM
fluorescein (for focussing) to introduce the luminol reaction catalyst (HRP) to the chip
(2 µL/min). No filters were used in the experiments, and luminescence was monitored
using an EMCCD camera (iXon Ultra, Andor, Belfast, UK, 20 gain, 1 s exposure time, 30
accumulations).
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Results and discussion
The integration of TiO2 into a PDMS microfluidic device is straightforward. The powder can be suspended in the mixture when curing agent and prepolymer are mixed. If
present, larger aggregates sink during the degassing process, making it possible to remove them by carefully pouring the mixture on a master mold afterwards. At none of
the used concentration of TiO2 altered behavior of the composite with respect to flexibility, curing time and/or fabrication thereof was found. Also, plasma bonding to glass
was successful for all tested devices. As expected, the microfluidic devices are showing
an increase in whiteness and opacity, and therefore decreasing light transmittance, with
increasing percentages of suspended TiO2 (Figure 3.5 a, Table 3.1).

TiO2 concentration w/w %
0
Transmission %
100

0.9 2.7
1 0.73

6
0.45

12
0.11

15.4 21.4
0.05 0.04

Table 3.1: Amount of transmitted white light through a 5 mm thick PDMS layer with
the indicated amount of TiO2 powder suspended.
Since reflection and light scattering is depending on particle size, the size distribution of
the used TiO2 powder was determined, It was found that the main part of the powder is
around 270 nm in size, with a distribution between 230 nm and 290 nm, and also some
aggregates with a mean diameter of around 600 nm (measured by dynamic light scattering). First tests with a chip containing 12 % TiO2 showed an increase in signal intensity
of a fluorescein solution of around ten fold compared to non-altered PDMS, but also an
increased signal adjacent to the channel (Figure 3.5 c). The increase of the intensity is due
to reflection of the emitted light. When no TiO2 is added, the obtained micrographs show
distinct boundaries between channel and background. If TiO2 is added, the reflection results in a much higher intensity, but also results in a loss of resolution of the micrograph.
However, if far enough from the channel, reflection is negligible and the two intensities
are equally high, showing that TiO2 does not fluoresce by its own. Also, if a higher magnification is used (60x instead of 10x, and NA of 1.2 instead of 1.3), background intensity
increase does not matter anymore because only the microfluidic channel is imaged. Here,
the intensity increase is eight fold. Chip-to-chip variability in the increase was found to be
6.3 %, as tested with three different chips from three different production batches.
Next, the emission intensities of different fluorophores inside the devices was tested
with different amounts of suspended TiO2 particles inside the PDMS. As fluorophores,
4-MU (λmax emission = 445 nm), fluorescein (λmax emission = 521 nm) and resorufin (λmax
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Figure 3.5: Micrograph of PDMS pieces with added TiO2 . a) As the concentration (here
w/w) increases, the whiteness and opacity of the PDMS increases equally. All PDMS
pieces have the same thickness (around 5 mm). b) Reflection of suspended titanium dioxide particles in PDMS. Right: The upper micrograph shows a microchannel made from
pure PDMS; whereas the lower microchip contains 12 % (w/w) TiO2 particles. The same
fluorescein solution is flushed through the channel. Comparison of fluorescent intensities
of modified (black, 12 % (w/w) TiO2 ) and unmodified PDMS (red). As visible, fluorescence inside the modified PDMS is scattered over the whole image, whereas in the case of
unmodified PDMS fluorescence is only detectable inside the microfluidic channel (grey
area). Background fluorescence of modified PDMS approaches the same value as the unmodified device, but in a much further distance. However, maximal intensity is much
higher (10x) inside the modified channel.

emission = 570 nm) were chosen to cover blue, green and red emission dyes. For all of
the tested fluorophores, we found increasing intensities with increasing amounts of suspended TiO2 (Figure 3.6 a). However, after a certain concentration of TiO2 is reached, the
increase seems to be stable, showing a saturation effect. For 4-MU, the maximal fold increase in signal intensity is around 3.2, for resorufin around 9.4 and for fluorescein around
11.5. At this wavelength, the here presented system would therefore allow to detect 10
times lower amounts of fluorescence with the same settings. To see whether the different
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Wavelength range in nm

360 ± 20

405 ± 20

455 ± 35

535 ± 25

Relative reflection MP %
Relative reflection NP %

57.1
50.1

52.7
43.8

57.4
54.65

66.1
59.1

Wavelength range in nm

560 ± 40

630 ± 30

670 ± 25

Relative reflection MP %
Relative reflection NP %

67.4
61.8

69.2
64.6

70.1
66.2

Table 3.2: Relative reflection of the TiO2 -PDMS composite at different wavelengths.
Amount of reflected light from a 5 mm thick PDMS layer with 21.4 % TiO2 powder, at the
indicated wavelengths, given by the maximum value and the width of the filter. Due to
the autofluorescence of PDMS [214], the data was normalized to regular PDMS without
added TiO2 to correct for autofluorescence.
fold increases are due to the different wavelengths where the fluorophores emit, two other
green fluorescent dyes that emit in a similar range as fluorescein (HPTS and calcein) were
tested as a control. The result shows a similar fold increase for all green fluorescent dyes
(Figure 3.6 b) and also suggests that the fold increase is dependent on the wavelengths of
the emitted light.

The addition of TiO2 particles is particularly useful for luminescent studies. Here, luminescence was generated through the HRP catalyzed reaction of luminol (Figure 3.8 c).
Also here, an increase in signal can be found. Furthermore, also a reduction in background environment light from the room is beneficial for the experiments (see also Table
3.1). The combination of both effects result in an eleven-fold increase in signal after background correction, making the system very useful for luminescent studies.

As already mentioned, light scattering is strongly affected by particle size and the wavelength of the light. To test whether the use of a powder with different size would result
in measureable differences, TiO2 nanopowder was used with a diameter smaller than 100
nm (aggregates of 700-900 nm, as measured with DLS). As expected, the obtained reflected intensities are dependent on the wavelength of the irradiated light, and show a
maximal reflectivity at higher wavelengths (see Table 3.2) but are always smaller compared to the powder. Further experiments also tested the dependency of particle size and
light output by using fluorescein. Here, the maximal fold increase in intensity is always
smaller when using the TiO2 nanopowder (Figure 3.7 d). However, also here a concentra-
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Figure 3.6: Results from fluorescence experiments. a) Different measured fluorescent
moieties. To visualize the enhancing effect, 4-MU, fluorescein and resorufin (2 µM, 10 µM,
50 µM) fluorescence was quantified in different chips (N=3, n=9). As visible, the fluorescence increases in all examples with increasing concentration of suspended TiO2 powder,
although the enhancement is different for each fluorophore. b) The fold enhancement is
increasing with increasing emitted wavelength.

tion effect can be observed, i.e. increased reflection at higher concentrations of suspended
TiO2 .
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Figure 3.7: The influence of the particle size of the TiO2 powder. Devices were prepared
with either suspended TiO2 powder or nanopowder. As visible, signal is always higher
for the powder at the same concentration, although also a nanopowder suspension shows
an intensity enhancing effect at higher concentration (50 µM fluorescein, N=3). All error
bars depict SEM values.
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Figure 3.8: Results from luminescence experiments. c) Not only fluorescence can be
enhanced, also luminescence signals of luminol are increased. The 11-fold increase is
partly due to reduction of background light, but also due to reflection of light from the
surface.
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Conclusion
In this section, a simple and cheap way to increase fluorescence and luminescence intensities inside PDMS microfluidic based systems was presented. The findings presented
here can help to increase sensitivity and/or light output of the used devices, and can be
especially useful for luminescence studies inside microchannels. There are certain limitations and technical difficulties when using this technique. Firstly, since no or very
little light is able to transmit through device (see Table 3.1), focusing has to be done using an inverted microscope and fluorescent light. Secondly, the assembly of multilayer
devices with valves [3] and chambers [138] is rather difficult due to the opaque fluidic
layer. Lastly, the system is therefore very advantageous when light output needs to be
increased, however reflected light leads to blurry images and therefore poor spatial resolution.
However, for the application presented here, the disadvantages are negligible since a one
layer microfluidic device was used, and spatial resolution was of no interest.
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3.3.2 Optimization of luminescent signal by construction of a sensitive
detection system
To further increase the sensitivity and also to minituarize the detection apparatus, an in
house-made detection system was used (Figure 3.9). The system contained a highly light
sensitive photo-multiplier tube (PMT, H10722-210, Hamamatsu, Japan). The PMT is inserted into an anodized aluminum housing that blocks most of the sourrounding light
from entering and thereby reduces background signal. Furthermore, if a titaniumdioxide containing PDMS chip is mounted on top of the sensing area, further reduction in
background is achieved due to the reflective properties of the composite. The photons
are converted into an electrical signal and amplified into a voltage output. These changes
in voltage are then monitored by a U6-Pro (Labjack, Lakewood, CO) that converts the
analogue signal into a digital signal. The digitial signal is transfered via USB to a laptop,
and finally monitored using a LabView script (National Instruments, USA).

a)

b)

c)

d)

e)

Figure 3.9: Box for luminescence measurements. a) CAD drawing from the box. The box
consists of three elements (top to bottom): a lid, a spacer with holes for fluid connections
and a base element that harbors the PMT. b) Final setup. The picture shows the box
connected to an analog to digital converter (shown in red), that is normally connected to
a computer to read out the signal. c-e) The image series shows the closed box, without lid
and without chip and spacer element. On e), the sensing area of the PMT is visible.

The whole detection system is therefore very small and transportable. Theoretically the
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analoge-to-digital converter can be integrated into the casting, further reducing the size
and complexity. Lastly, the presented detection system only needs a syringe pump (that
can also be integrated or reduced in size) and a computer to read the signal. The whole
assembly is low in power consumption, and can be potenitally operated using batteries.
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3.4 The detection of neutralizing antibodies using
cell-derived vesicles
Several strategies are promising for the detection of neutralizing antibodies (nABs). Here,
cell-derived vesicles were used that are bound to the glass surface (bottom) of the microfluidic channel. The cell-derived vesicles were obtained from a genetically modified
HEK293 cell-line called HEK293HTS233L. These cells were stably transfected with the
luteinizing hormone human chorionic gonadotropin receptor (LHHCGR), and a specially
modified version of clytin that is a bioluminescence producing enzyme found in jellyfish
[215]. In these cells, upon binding of luteinizing hormone to the receptor, a signaling
cascade is activated that results in the influx of calcium (see Figure 3.10). This calcium
activates the enyzme clytin that in turn produces bioluminescence that can be measured
by a photosensor. Two different strategies were applied for the detection of nABs in this
section that are explained in the following.
First, the intensity of light output from the immobilized vesicles correlates with the concentration of LH able to activate the receptor. Figure 3.11 a shows the expected raw data
traces. When no neutralizing antibodies are present, the total concentration of LH is free
and can therefore interact with the receptor in the vesicular membrane (black). Upon the
presence of neutralizing species, the concentration of free LH that can interact with the
receptor is reduced (green). The reduction should be proportional to the binding interaction (Kd ) and the concentration of the neutralizing antibody. The raw data traces are
integrated over time, and normalized to the maximal value. Normalization is necessary
due to differences in vesicle preparation or different immobilization efficiencies. In this
assay, a reduction of normalized signal intensity shows the presence of neutralizing antibodies.
In a second approach, dose-response curves are generated with the same immobilized
vesicles by stimulating them multiple times in a time series. The raw data traces are normalized to maximal and minimal signal. Here, the presence of neutralizing antibodies results in a rightward shift of the corresponding dose-response curve (Figure 3.11 b). In the
presence of nAB, the relative luminescence signal will be decreased at a certain concentration of LH (x1 ) because LH is partly neutralized and the concentration that can interact
with the receptor is lowered. However, the same relative signal intensity can be achieved
by the addition of a higher concentration of LH (x2 ). Therefore, to achieve the same signal
intensity, an increased amount of LH is needed, i.e. the effective concentration to reach
50 % signal intensity (EC50 ) is higher.
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Figure 3.10: nAB detection system. a) The final detection system consists of cell-derived
vesicles that are immobilized inside a microfluidic device. The device is mounted onto
a photomultiplier tube. Signal from the PMT is read by a microcontroller and analyzed.
b) Luminescence generation by cell-derived vesicles. The vesicles contain the receptor
for luteinizing hormone (LHHCGR), adenylyl cyclases and cyclic nucleotide-gated ion
channels (CNG) as well as intravesicular clytin. Upon binding of luteinizing hormone, the
g protein coupled receptor is activated and adenylyl cyclase produces cAMP, that itself
opens CNG to induce calcium influx. The increase in intravesicular calcium concentration
activates clytin that is now able to generate bioluminescence.
In this chapter, both approaches were used for the detection of neutralizing antibodies.
Whereas the first can be used to quickly test for the presence or absence of neutralizing antibodies, the latter allows to estimate the concentration and binding affinity of the
present antibody.
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Figure 3.11: Expected signal changes upon the presence of nABs. a) Expected raw data
traces. Examples are shown for the presence (green) and absence (black) of LH neutralizing antibodies. For more information, please refer to the text. b) Dose-response curves of
dose versus relative luminescence units (RLU). The presence of neutralizing antibodies
results in a rightwards shift of the dose-response curve, i.e. more LH is needed to achieve
50 % signal intensity (EC50 ). For more information, please refer to the text.
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3.4.1 Methods
Cell culture
The cell line HEK293 HTS233L (ChemiBriteT M LH glycoprotein hormone receptor stable expressing cell line, Millipore, USA) was used for experiments. The cells were subcultivated twice a week in a 1:5 ratio, using 0.05 % trypsin-EDTA for detachment during
passaging. The used culture media was DMEM/F12 completed with 10 % fetal bovine
serum, 1x non-essential amino acids, 1 µg/ml puromycin, 200 µg/ml geneticin and 100
µg/ml hygromycin.

Cell stimulation experiments
For cell stimulation experiments, the cells were seeded in µslides (ibidi, Germany) 24
hours prior to the experiments. Before stimulation, the cell medium was removed, the
cells were washed once with HBSS and afterwards incubated at 37 ◦ C for 1 hour with 1
µM coelentrazine hcp in HBSS. Afterwards, the indicated amount of luteinizing hormone
was added to the cell layer and luminescence was recorded using an EMCCD camera
(887, Andor, Belfast) at an exposure time 0.95 s (gain 200) on an inverted microscope
(IX70, Olympus, Switzerland) for 2 minutes. Signal was integrated over 2 minutes and
background corrected.

Cell-derived vesicle formation
For the production of cell-derived vesicles, the supernatant was aspired and the cell layer
was washed once with serum free RPMI. Subsequently, the cells were incubated in the
presence of 10 µg/ml cytochalasin b in RPMI for 20 minutes. The flask was then tapped
to release the vesicles into suspension, and the supernatant was collected and filtered
through a 10 µm filter (CellTrics, Partec, Germany). The size of the vesicles was observed
via dynamic light scattering (DLS, Zetasizer 3000 HAS, Malvern Instruments, UK). Afterwards, the vesicles were introduced into the microfluidic chip.

Master fabrication
Master molds were fabricated using photo-litography as described in detail in reference
[139]. Briefly, SU-8 2015 was processed to a height of 20 µm and, after exposure to UV light

99

3 Cell-free studies
(150 mJ/cm2 , measured at 365 nm) in a mask aligner (MA-6 mask aligner, Karl Suess),
developed using SU-8 developer. Master forms were silanized by storing the wafers
overnight in the presence of 20 µL of 1H,1H,2H,2H-perfluorodecyl-dimethylchlorosilane
under vacuum.

Chip fabrication
Microfluidic devices were prepared using the Sylgard 184 elastomer kit. The two components were mixed in a ratio of 10:1, and 15.4 % w/w TiO2 was suspended inside the mixture. The suspension was thoroughly mixed, degassed for half an hour and subsequently
poured onto the master mold. The assembly was cured at 80 ◦ C for 2 hours. After curing,
the elastomer was peeled from the wafer and cut into the respective devices. Access holes
for fluidic connections were punched with a biopsy puncher (1.5 mm diameter, Miltex,
York, PA, USA), and a reservoir was attached by using semi-cured PDMS. The device was
exposed to 80 ◦ C for another hour to complete polymerization. To close the channels, the
PDMS part was bonded to a glass slide after plasma activation for 45 seconds at 18 W and
0.75 mbar (Harrick Plasma Cleaner PDC-32G, Ithaca, NY, USA). The final assembly was
put at 100 ◦ C for 10 minutes to assure a stable bond. The final device is shown in Figure
3.12.

Figure 3.12: Microfluidic device. This picture shows the microfluidic device. On the left
hand side, the channels are filled with red food dye for visualization. The channel system
consists of an inlet, a microfluidic filter, the sensing area (16 parallel channels) and an outlet. The sensing area is optimized to maximize the surface area that can immobilize vesicles. During measurements, the sensing area of the chip is aligned to the light-responsive
area of the PMT. On the right hand side, a side view of the chip is shown, showing the
reservoir on the inlet.
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Surface modification
To immobilize cell-derived vesicles, the surface was modified according to Kuhn et al .
[196]. Here, biotinylated BSA (0.5 % w/w) was introduced into the chip by centrifugation
(800 g, 5 min, 30 min incubation), followed by a second centrifugation step with BSA (4
% w/w) to inactivate the remaining free surface (800 g, 5 min, 30 min incubation). Next,
the chip was attached to a syringe pump (neMESYS, Cetoni, Germany) using custommade metal connectors and Teflon tubing. 1 µM avidin was added to the reservoir and
drawn through the device with a flow rate of 5 µL/min for 20 minutes. Afterwards,
the remaining solution inside the reservoir was exchanged to buffer containing 7 µM
biotin-PEG-cholesterol and drawn through the chip (5 µL/min, 20 minutes). Afterwards,
the device was washed with buffer. After this washing step, the vesicle suspension was
introduced into the device (2.5 µL/min, 20 minutes). The vesicles were immobilized on
the surface, and after a last quick washing step with PBS buffer the device is ready for
experiments.

Fluorescent labeling of LH
For labeling with lissamine rhodamine b, the hormone was dissolved in carbonate buffer
pH 9.0 at a concentration of 940 µg/ml. Freshly dissolved lissamine rhodamine b sulfonyl chloride in water-free DMF was added in a molar excess of 20, and was incubated
in a darkened lab at room temperature while gently shaking for 1 hour. Afterwards,
the labeled hormone was separated from the free dye by size exclusion centrifugation
(Nanosep 10K, Pall Life Sciences, Ann Arbor, MI). Concentration of the hormone and
degree of labeling (DOL) were determined by UV absorption measurements (LH molar extinction coefficient280nm 12430 /(M*cm)). Degree of labeling was usually between
0.2 and 0.5, and concentrations of the purified labeled luteinzing hormone around 150
µg/ml.

Binding assay
Binding studies wre conducted to assure the presence of the LH-receptor. For these studies, the total flow rate was varied to investigate the influence of the flow rate on kon .
The ratio of flow rates of the two solutions was varied [197, 216] to be able to perform
multiple experiments per chip. In this way, the hormone was introduced to new regions
across the microfluidic channel, and four measurements were performed per chip. Since
parallel flow of different solutions was needed in this assay, the solutions were flushed
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instead of drawn through the chip. Syringes were filled with HBSS or the respective concentration of fluorescently labelled LH in HBSS. The microfluidic device was mounted
on a TIRF microscope (Leica, DMI6000B, Leica Microsystems). Binding of the fluorescent
hormone was monitored using the 561 nm laser line (250 ms exposure time, 120 gain, 12
% laser power). Fluorescent micrographs were taken every 10 seconds. Four independent measurements were performed on each chip. Furthermore, bleaching curves were
determined at the end of the experiments. Data was bleaching corrected and fitted exponentially to derive kon .

cAMP measurements
For the measurement of cAMP, a commercially available cAMP assay kit was used (cAMPGloT M assay, Promega, Madison, MI). Cell-derived vesicles were freshly prepared, and 10
µL of the solution was added to a 96-well plate (flat bottom, black, Corning, Acton, MA).
To stimulate cAMP responses, the vesicles were incubated with the indicated amount of
hormone for 15 minutes. Phosphodiesterases were inhibited by adding 100 mM IBMX
to the incubation buffer. Afterwards, the plate was processed as described in the kits
manual (i.e. the vesicles were lysed). To measure the generated luminescence, the plate
was finally read inside a Synergy HT plate reader (Bio-TeK, Winooski, VT). A calibration
curve was performed simultaneously to convert measured luminescence intensities into
cAMP concentrations.

Calcium measurements using Fluo-4
For monitoring the calcium influx, freshly prepared vesicles were incubated with 1 µM
Fluo-4 AM. Afterwards, the vesicles were immobilized on-chip. The microfluidic device was mounted on an inverted microscope (IX70, Olympus, Switzerland), fluids were
added to the reservoir and drawn through the chip (10 µL/min). For measurements,
a concentration of 940 ng/ml (33.6 nM) of luteinizing hormone was added to the cellderived vesicles. Fluorescence (Ex: 455/70 nm, Dichro 494 nm LP, Em: 515 nm LP) was
measured for 1 minute (8 frames per second, exposure time 100 ms, gain 150). Afterwards, the chip was flushed with HBSS buffer without hormone. The procedure of activation and washing was repeated four times. Bleaching curves were obtained at the end
of the series, and bleaching was found to be negligible with the settings used. Data was
analysed using ImageJ and Microsoft Excel.
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SPR measurements
Determination of the dissociation constant of the neutralizing antibody was made using
Biacore SPR measurements (Biacore Life Sciences, GE Healthcare Switzerland). The antibody was immobilized on the Biacore chip surface (Sensor chip CM3), and different concentrations of luteinizing hormone were added and on/off kinetics were monitored over
time and fitted exponentially to derive the respective values for the association and dissociation phase. The dissocation constant was calculated according to Equation 3.1.

Kd =

kof f
kon

(3.1)

Bioluminescence measurements
Luminescent signals were recorded using a custom-built detection system composing of
a photosensor modul H10722-210 (Hamamatsu, Switzerland), implemented into a closed
container (see also Figure 3.9 and Section 3.3.2). To maximize signal, the microchip was
directly put above the active sensing surface of the PMT. To control signal recording, a
custom-written LabView script (National Instruments, Austin, TX) was used. Luminescence was recorded every 500 ms at a control voltage of 750 mV. These settings were
constant for all the following experiments. Signal was monitored for 5 minutes, and the
signal from the first three minutes was integrated over time (AUC).
If not mentioned otherwise, incubation buffer always contained 1 µM coelenterazine hcp
and 2 mM ATP, whereas ATP was added to the incubation buffer shortly before measurements to prevent any degradation due to serum addition. After applying a concentration of luteinizing hormone, the immobilized vesicles were washed for 5 minutes using
HBSS with 2 mM ATP added (except ATP series, here no ATP was added to the washing
buffer).
ATP series
To investigate the influence of externally added ATP, different concentrations of ATP were
added to the vesicles and the bioluminescence signal was recorded over time. For these
studies, cell-derived vesicles were freshly prepared and immobilized on-chip, and fluids
were added to the reservoir and drawn trough the chip (10 µL/min). Luteinizing hormone concentration (940 ng/mL) was held constant in all mixtures, while ATP concentrations varied. pH of all the mixtures was set to 7.4. Integrated AUCs were normalized
to the AUC without any ATP added (see Equation 3.2) so that the resulting data indicates
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the fold increase in signal intensity.

AU Cnorm =

AU C[AT P = i mM ]
AU C[AT P = 0 mM ]

(3.2)

Luteinizing hormone addition - dose response
To generate a dose-response curve, different concentrations of luteinizing hormone were
added to the immobilized cell-derived vesicles and the signal was recorded. Fluids were
added to the reservoir and drawn through the chip (10 µL/min). A dilution series of
indicated LH concentrations in HBSS was applied to the same vesicles. Integrated AUCs
were normalized to maximal and minimal signals (see Equation 3.3).

AU Cnorm =

(AU C[LH= i nM ] − AU C[LH= 0 nM ] )
(AU C[LH= 100 nM ] − AU C[LH= 0 nM ] )

(3.3)

The resulting curve was fitted with a dose-response equation after Hill (see Equation
3.4),
y = A1 − (A2 − A1 )/(1 + 10(logx0−x)p )

(3.4)

where A1 and A2 depict the basal and plateau level (here 0 and 100 %), logx0 the point of
inflection, p the steepness of the curve and x the concentration in logarithmic form.
Serum addition
To investigate the influence of human serum added to the system, i.e. to determine a
dose-response curve, different concentrations of serum were added to the incubation
buffer (0, 5, 10 and 20 % vol/vol), and the signal was recorded. As test serum, pooled
pre-menopausal human serum was used. A dilution series of indicated LH concentrations in serum-containing HBSS were applied to the immobilized cell-derived vesicles.
Integrated AUCs were normalized to maximal and minimal signals (see Equation 3.3),
and fitted with a dose-response equation (see Equation 3.4), whereas the minimal and
maximal signals were measured in serum background.
nAB addition
To see whether neutralizing antibodies could be detected using this system, a dilution
series of indicated LH concentrations in HBSS with added concentrations of neutralizing
antibodies were drawn over the immobilized vesicles. Before applying the solutions, the
mixtures of antigen and antibody were incubated for 15 minutes at room temperature to
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allow the antibody to bind to its target. Integrated AUCs were normalized to maximal
and minimal signals (see Equation 3.3), and fitted with a dose-response equation (see
Equation 3.4), whereas maximal signal is measured without any added antibody.
Serum and nAB addition
To determine the limit of detection in the presence of serum, luteinizing hormone (50
ng/ml, 1.78 nM) was added to serum-containing HBSS (constant, 10 % serum background) in the presence of indicated amounts of neutralizing antibodies. Here, luteinizing hormone concentration was held constant throughout all the measurements. The
solutions were incubated for 15 minutes at room temperature, and were consequently
added to the reservoir and drawn over the immobilized cell-derived vesicles (10 µL/min).
Integrated AUCs were normalized to maximal signal (see Equation 3.3). The maximal signal is measured without any added antibody, but in the presence of 10 % serum matix.
To generate dose-response curves in the presence of serum and different amounts of antibodies, dilution series of luteinizing hormone were made in serum-containing HBSS
(constant, 10 % serum background), with added indicated amounts of neutralizing antibodies. The solutions were incubated for 15 minutes at room temperature, and were
added to the reservoir and drawn over the immobilized cell-derived vesicles. Integrated
AUCs were normalized to maximal and minimal signals (see Equation 3.3), and fitted
with a dose-response equation (see Equation 3.4), whereas the minimal and maximal signals are measured in serum background. Maximal signal is further measured without
any added antibody.
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3.4.2 Results and discussion
Characterization of the used antibody
The neutralizing effect of the antibody addition will depend on the concentration of the
neutralizing moiety as well as the dissociation constant of the interaction. To determine
the strength of the interaction between the antibody and LH first, the antibody was immobilized on the surface of a SPR chip, different amounts of LH were introduced and
binding kinetics were monitored. The dissociation constant was fitted to be 1.53 ± 0.67
nM. This finding is for upmost importance for later experiments, and will be discussed
below.

Characterization of the HTS233L LHHCG cell line
In first experiments, the cells were tested for their response to the stimulus of luteinizing
hormone. The resulting dose response curve can serve as a standard curve for later vesicle
experiments. For this reason, cells were seeded into µslides and loaded with colenterazine
hcp in HBSS as described in the cell line manual. After the incubation time, luteinizing
hormone was added to the cells and the generated luminescence was recorded. As visible
in Figure 3.13 a, cells are responding to the stimulus with the production of light, and a
dose-response like behavior can be seen. For the gathered data, a dose-response curve
after Hill was fitted, and an EC50 value of 10.2 ± 2.4 nM extracted. In this experiment, it
was shown that the cells are highly active in their response to luteinizing hormone. One
drawback of this method is that a well with cells can be used for one measurement only,
hence the sample consumption is high and the method is laborious.

To test whether the obtained antibody against luteinizing hormone is not only able to bind
the hormone but neutralizes its function, the same amount of LH was added to the cells,
but with increasing concentrations of antibody. As visible in Figure 3.13 b, the recorded
luminescence signal decreased with increasing concentration of antibody. Therefore, it
can be stated that the binding of the hormone to the antibody prevents the binding of the
hormone to the receptor (and subsequent luminescence generation), therefore the antibody binds LH in a neutralizing fashion.
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Figure 3.13: Results from cell stimulation. a) Cells are responding to a stimulus with
luteinizing hormone with the production of bioluminescence in a dose-response like behavior (n=2). b) Confirming neutralizing activity. In this experimental series, the concentration of LH was held constant but increasing amounts of anti-LH antibody were added.
The luminescence decreases as the concentration of antibody increases. Therefore, the antibody is decreasing the concentration of free LH that is able to interact with the receptor
(n=2).
Characterization of the cell-derived vesicles
In a next step, vesicles were derived from the cells from the HEK293HTS233L cell line.
These cell derived vesicles contain membrane proteins as well as intracellular proteins
[177]. In the assay presented here, the LHHCG receptor is needed for binding of LH,
adenylyl cyclase for the generation of cAMP, CNG’s for calcium influx and clytin for the
generation of light. In a next experimental series, the cell-derived vesicles were tested
for the presence and functionality of these proteins to see whethere these cell-derived
vesicles have the potential to substitute the cells needed in previous experiments.
First, the cell-derived vesicles were tested for the presence and functionality of the LHHCG receptor that is needed to bind the hormone. To visualize the binding of the hormone to the receptor, luteinizing hormone was labeled with lissamine rhodamine b, yielding a highly fluorescent and stable conjugate. As visible in Figure 3.14 a, the fluorescent
analogue is still able to bind to the receptor and accumulates at the surface of immobilized
vesicles, i.e. is binding to the receptor. The on-rate of the dissociation constant, kon , was
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Figure 3.14: Results from the binding assay. a) Cell-derived vesicles were immobilized
on-chip and fluorescently labeled luteinizing hormone was supplied. Fluorescence increase over time depended strongly on the concentration of LH, which indicates that the
receptors are present inside the vesicular membrane and are still able to bind the hormone. Flow rate was constant for both shown examples (20 µL/min). b) The increase at
the vesicular membrane should be dependent on the mass-transfer towards the vesicle
that is dependent on concentration and flow speed. Therefore, different concentrations
and flow speeds were used to see whether this dependency could be shown for the system. Data from a) was fitted exponentially and subsequently calculated halftime values
are plotted against the flow rate. As visible, the rate is dependent on the flow rate as well
as the concentration of luteinizing hormone.

found to be dependent on the flow rate and concentration of the hormone (Figure 3.14 b),
i.e. the total mass transfer towards the immobilized vesicles is in that case limiting the
kinetics.

After showing that binding of LH to the receptor is still possible in the cell-derived vesicles, the next step in the signalling cascade is the formation of the second messenger
cAMP. To demonstrate that adenylyl cyclases are still active in the derived vesicles and
respond to the activation by GPCRs, a commercial cAMP quantification assay was performed. In this assay, the concentration of cAMP is measured by the generation of luminescence by luciferase. To perform the experiments the cell-derived vesicles were diluted
in a 96 well plate and subsequently stimulated with different amounts of the hormone,
and the protocol was performed as described in the manual of the assay kit. When these
experiments were performed first, almost no cAMP was detectable. It was concluded that
this finding is due to the inability of the cell-derived vesicles to from ATP because of the
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Figure 3.15: Results from the cAMP GloT M assay. Cell-derived vesicles respond to stimulation with luteinizing hormone with the production of cAMP, a second messenger that
is important for the generation of luminescence inside the vesicles later on. This finding
shows that not only the receptor for luteinizing hormone is present and functional, but
also adenylyl cyclase is functional (n=2).
lack of mitochondria. Therefore, in a second experiments, ATP was added (for a possible mechanism of ATP permeation please refer to Section 3.4.2) externally to see whether
the addition of ATP could increase the amount of cAMP formed. Indeed, the addition of
external ATP was shown to be beneficial for cAMP generation (the results being shown
in Figure 3.15, and see also Section 3.4.2). Furthermore, the external addition of ATP also
reduced experimental variation. It was reasoned that the external variation was arising
from the different time needed until usage of the vesicles. From the moment of generation, the intravesicular ATP concentration decreased and hence, if no ATP is added externally, the signal intensity is depending on the processing speed of the batch. The external
addition of ATP decoupled the formation and processing of the vesicles from a strict time
frame, and enabled the development of a much more flexible protocol. Indeed, as visible in Figure 3.15, the cell-derived vesicles respond to the addition of lutropin with the
formation of up to 150 nM cAMP, as the concentration increases with increasing amounts
of added lutropin. Even when no luteinizing hormone is added, a basal level of cAMP
of around 35 to 40 nM is found. This basal cAMP formation was due to the inhibition of
phosphodiesterases by the addition of IBMX. As visible in the figure, no saturation of the
cAMP formation could be achieved with the concentrations of added hormone.

After demonstrating the successful conversion of ATP to cAMP in consequence of LH to
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Figure 3.16: Results from the Fluo-4 assay. Upon LH stimulus, calcium concentration initially increases inside immobilized cell-derived vesicles, and decreases afterwards since
the ion is removed from the lumen. Calcium influx is the last step needed in the cascade
towards luminescent signal generation, and it was shown that all the necessary receptors
present and metabolites formed. Furthermore, in this graph two runs are shown where
the same vesicles were imaged. Deviations are minor, showing that multiple use of the
same chip is possible. This would decrease chip-to-chip variability since each chip could
be calibrated to a standard first.

bind to its receptor, the last step in the cascade to generate intravesicular luminescence is
the influx of calcium ions due to CNGs. To confirm the influx of calcium ions, cell-derived
vesicles were loaded with Fluo-4, a calcium-sensitive dye. Figure 3.16 shows the intravesicular in fluorescence upon stimulation with LH. Therefore it was successfully shown
that the whole signaling cascade needed for luminescence measurements of lutropin is
present and functional in cell-derived vesicles. Furthermore, the same vesicles can be
used multiple times to derive dose-response curves from the same microfluidic chip, or
to add several test solutions after each other. When LH was repeatedly introduced to the
immobilized vesicles, the monitored calcium influx was very similar. Figure 3.16 shows
the kinetics of the calcium influx and efflux, and repeatable results were obtained when
introducing a five minute washing step between each stimulation experiment. This step
washes away bound LH and gives the vesicles time to decrease intravesicular effector
molecules, i.e. lets them returning to ground state.
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ATP addition
As already mentioned, the generation of cAMP, and therefore also the generation of luminescence signal depended on the external addition of ATP in the cAMP plate reader
experiments. Here, the dependence of the externally added ATP concentration on the
bioluminescence signal was explored. In contrast to the plate reader experiments, the external concentration of ATP inside the microfluidic chip can be considered to be constant
over time due to the flow regime. Indeed, the sum of generated signal was found to be
strongly dependent on the externally added ATP concentration (Figure 3.17). For later
experiments, ATP concentration was fixed to 2 mM.
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Figure 3.17: Influence of externally added ATP on the signal. As shown here, integrated
signal intensities are increasing with the amount of externally added ATP to the test solutions. For more explanation, please refer to the text. The dashed line represents the
direction in which the system is developing at higher concentrations.

The pathway used by ATP to enter the vesicle remains an open question. ATP is a highly
hydrophilic molecule, and passive permeation of the molecule over the lipid bilayer is improbable. In fact, ATP has been used in former studies with artificially produced vesicles
and no permeation of the agent could be found [216]. There are no described transport
proteins in the mammalian plasma membrane (although some can be found inside the
inner mitochondrial barrier). A hypothesis is that ATP is transported due to structural
similarity by a transporter that transports other nucleotides or nucleosides, such as the
human equilibrative nucleotide transporter 1 (hENT1) [217, 218]. This transporter is ubiquitously expressed and mediates the uptake of nucleosides such as adenosine. Therefore,
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Figure 3.18: Influence of externally added adenosine and dipyridamole. a) Upon the
addition of adenosine, an initial increase in calcium influx can be found. At higher concentrations, signal decreases again. For more information, please refer to the text. b) At
lower concentration of adenosine, cAMP formation is not altered. This finding supports
the hypothesis of activation of GPCRs in the membrane that act via IP3 , and not cAMP.
IP3 opens calcium channels that lead to an increase in calcium concentration and a signal
increase. At higher concentrations, slightly more cAMP is generated (but not as much as
with no adenosine present), but signal is decreasing. This finding supports the hypothesis
of the inhibition of ATP transport due to the presence of adenosine in higher concentrations. n=3. c) Upon the addition of dipyridamole, the signal decreases as expected since
the transporter is inhibited. At higher concentrations, signal increases again due to the
inhibition of phosphodiesterases. d) The addition of dipyridamole alone does not alter
cAMP concentration at any concentration tested. n=3.
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an increasig amount of adenosine was added to test solutions with fixed ATP concentrations to see whether the addition of adenosine alters the signal intensity. Since adenosine
is more favored to be transported, the addition of the natural substrate should result in a
lower influx of ATP, and therefore a decreasing signal should be expected.
The initial increase found in Figure 3.18 can be referred to endogenously expressed Gprotein coupled adenosine receptors [219]. Their activation leads to an increase in intravesicular calcium concentrations [220, 221]. Afterwards, a decrease in signal intensity can
be found as expected with a fitted KM for the decreasing phase of around 10-100 µM (literature value 50 µM, see Table 3.3) [222] . To further backup this hypothesis, dipyridamole
was added. This substance is a selective inhibitor of hENT1 in lower nanomolar concentrations [223]). Also here, the addition of the substance should result in a dose-dependent
decrease in signal intensity. Experimental findings do support the transport of ATP due
to hENT1 since the addition of the agent results in a dose dependent signal decrease with
a fitted IC50 around 1-10 nM (literature value for IC50 5 nM, see Table 3.3) [224]. Summing
up, the transport of ATP over the vesicular membrane can be inhibited by the addition of
adenosine and dipyridamole, making it probable that hENT1 is at least partly involved
in the ATP transport mechanism.
Adenosine

Estimated value from fit

Literature values

Decreasing phase

KM = 5-100 µM

hENT1

KM = 50 µM [222]

IC50 = 1-10 nM

hENT1

IC50 = 5 nM [224]

Dipyridamole
Decreasing phase

Table 3.3: Calculated Kd and IC50 values for the interactions of adenosine and dipyridamole with the vesicles. For more information, please refer to the text and Figure 3.18.
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On-chip bioluminescence measurements
Bioluminescence signal in the presence of LH
Luteinizing hormone was added in different concentrations to determine the dose-response
curve using one single microfluidic device and without exchanging vesicles. Indeed, as
shown in Figure 3.19, cell-derived vesicles reacted in a dose-response like behavior to
the stimulus luteinizing hormone. This test was repeated three times with three different
vesicle preparations on different microfluidic devices, and similar results were found in
all of them. The fitted EC50 was about 5 times lower than in the cell experiments (2.11
± 0.24 nM for the cell-derived vesicles, 10.2 ± 2.4 nM for cell experiments), and it was
assumed that this reduction was due to the different fluid regime (static vs. flow) in the
assays. Since the vesicles bind the hormone, flow results in an accumulation of the agent
at the vesicular membrane inside the chip.
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Figure 3.19: Results from cell-derived vesicle stimulation with different concentration
of luteinizing hormone. Similar to the cells itself (see Figure 3.13), cell-derived vesicles
are responding to a stimulus with luteinizing hormone with the production of bioluminescence in a dose-response like behavior. However, due to the flow regime in the assay, the corresponding fitted EC50 value is significantly lower (2.11 ± 0.24 nM for the
cell-derived vesicles (n=3), 10.2 ± 2.4 nM for the cells itself). The fit for the cell-derived
vesicles is shown in green, whereas the fit for the cells itself is shown in red.
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Bioluminescence signal in the presence of LH and nAB
Theoretically, the addition of neutralizing antibodies to the mixture should decrease the
amount of free hormone, and should therefore also decrease the bioluminescence intensity measured at a certain luteinizing hormone concentration. To test this hypothesis,
the same dose response curve as previously described was performed in the presence of
different concentrations of nABs. In contrast to former experiments, every concentration
was measured only once to characterize the influence of fewer values present in the increasing phase of the curve. As expected, the curves are generally slightly noisier, and
turning points (and consequently EC50 values) of the fits are shifted towards higher concentrations.
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Figure 3.20: Results from the addition of neutralizing antibody to the test system. Here,
dose-response curves were obtained with different amounts of neutralizing antibodies
present. The addition of antibody results in a rightwards shift of the curves, and therefore the calculated EC50 values increase as expected. The presence of 2.8 nM neutralizing
antibody is enough to have a significant change in response. When more antibody is
added, more luteinizing hormone is neutralized, and due to less data points in the increasing phase of the curve the certainty of the fitting decreases (n=3 for 0 nM, n=1 for
others).

The dose response curves can also be used as a calibration curve to calculate the amount
of antibody present as well as the dissociation constant. Since the trend of the curve was
known for no added antibody, so added LH equals free LH, the measured values in the
presence of antibody can be related to their respective free LH concentrations. As the dose
response curve consisted of about ten different concentrations, the dissociation constant
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as well as the concentration of total antibody can be calculated using an equation solver.
Here, the concentrations of added antibody and calculated antibody are not equal, but
an estimation of the concentration can be made (Table 3.4). Furthermore, calculated Kd
values are in good agreement with the reference Kd , measured with SPR.
nAB added

nAB calculated

Kd calculated

Reference Kd (SPR)

nM

nM

nM

nM

7
2.8
1.4

9.21
4.31
0.69

2.57
1.92
1.17

1.53 ± 0.67

Table 3.4: Calculated concentrations and Kd values for the measurements. For more
information, please refer to text.
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Bioluminescence signal in the presence of LH and human serum
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Figure 3.21: Results from the addition of human serum to the test system. Here, doseresponse curves were obtained with different percentages of serum background. For fitting of the data with a dose-response like relationship, the addition of serum is negligible
until a concentration of 10 % vol/vol. However, the addition of serum results in noisier
curves and decreases therefore the security of the measurements. At serum concentrations of 20 % vol/vol, the generated noise is completely interfering with the measurements. The large increase is due to the noisy data (n=3 for 0 % vol/vol, n=1 for others).

Since the goal of the assay is the detection of neutralizing antibodies in the serum of patients, serum matrix will be present in the test mixtures. Serum is a complex mixture
of different proteins, such as immunoglobulins, hormones and others, and will therefore interfere with the signal and introduce noise. To simulate the addition of patients’
serum, the same dose-response curves were performed in the presence of various serum
additions (Figure 3.21). As expected, the data curves were generally noisier than without
serum, but up to a concentration of 10 % serum no change in the fit parameters can be
found.
Therefore, a maximal serum concentration of 10 % can be tolerated by the analytical setup,
and a dilution of the serum of the patients is necessary. This will influence the sensitivity of the setup since present antibodies will be diluted 1 to 10 to enable detection
thereof.
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Bioluminescence signal in the presence of LH, nABs and human serum
In the final assay, both serum and potentially neutralizing antibodies are present. Therefore, both moieties were added in a next experimental series and the limit of detection
(LOD) was determined. Here, the concentration of LH was set constant in all the mixtures
(50 ng/mL), and different amounts of neutralizing antibody were added to the mixture.
Background serum was 10 %. In this setup, it was possible to detect at least as low as
0.44 nM antibody, which would mean that a minimal concentration of 4.4 nM in serum is
needed to detect the antibody with certainty (Figure 3.22).
a)

b)
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Figure 3.22: Results from the addition of neutralizing antibody and human serum to
the test system. a) Here, LH concentration was constant and different amounts of antibody were added to serum background. A concentration of 0.01 nM nAB is too low to
significantly neutralize enough hormone to see a difference in the assay (i.e. the value is
equal to 0 nM antibody). At an antibody concentration of 28 nM only 10 pM from 1785
pM luteinizing hormone is free and could bind to the receptor, which is too low to be detected (n=1). b) Here, the minimal amount of neutralizing antibody required to reliably
detect the antibody in the test mixtures was determined. As shown here, added amount
of 0.44 and 0.88 nM antibody can be reliably and signficantly detected using this setup
(n=4).
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3.4.3 Conclusion
In this section it was successfully shown that neutralizing antibodies can be detected in
the developed analytical setup. The detection limit of the antibody is strongly depending
on the dissociation constant, but it was possible to detect as little as 0.44 nM of neutralizing antibody (Kd 1.5 nM) in a 10 % vol/vol serum matrix. By using the here described
setup, it was possible to detect neutralizing antibodies in spiked serum in a short amount
of the time. Since the setup only needs to test two different solutions, the zero value
(0 nM antibody) and the serum of interest, it only requires 20 minutes for the measurement. Furthermore, testing of different patients’ serum on the same microfluidic chip is
possible, therefore optimizing the throughput in clinical settings. Furthermore, it was
shown that cell-derived vesicles can be stored for longer time periods (see Figure 4.11).
Also, the microfluidic chip and the surface modification can be designed in a way that
makes storage possible. For more thorough characterization of the patients’ neutralizing
antibodies, dose-response curves can be generated on the same microfluidic device, and
the dissociation constant as well as the concentration of the nAB can be estimated in 2
hours.
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3.5 Outlook
The next step in the development of a platform for the detection of neutralizing antibodies
should be the application of clinical samples followed by the comparison with a standard
technique. So far, only standardized solutions were used for testing and the used serum
contained the pooled serum of several postmenopausal women. The use of actual patient
samples will introduce much more heterogeneity that might influence the assay outcome
significantly. Firstly, endogenous LH blood levels will vary from patient to patient, and
even for premenopausal women from the cycle phase. This endogenously expressed LH
could be problematic for the developed system, since it increases the signal intensity.
Consequently, also the residual amount of administered LH has to be carefully considered since such residual amounts could increase the intensity of the signal, and therefore
mask lower concentrations and/or low-affinity binders with low capacity. Furthermore,
multi-morbidity could also interfere with the devices’ performance due to the presence
of other pharmaceuticals. Since the trigger for bioluminescence generation is rather unspecific, i.e. an increase in the intravesicular calcium concentration, the activation via
other pathways is highly probable. However, these disruptive factors pose a problem for
the quantification and characterization of the neutralizing antibodies via dose-response
curves. The actual detection, due to the normalization of the signals, should be more
robust and independent and still be possible.
At the current state it remains unclear if the limit of detection is sufficiently low. We can
detect as little as 4.4 nM in patient serum of an antibody with high affinity (Kd : 1.5 nM).
This detection limit is strongly depending on the dissociation constant of the antibody
which varies from low micro- to high picomolar values for endogenously produced antibodies. Furthermore, the concentration of antibodies present in human serum can range
significantly depending on the phase of the inflammation. Therefore, calculations were
done to determine the limit of detection for neutralizing antibody concentrations based
on their respective dissociation constants (Figure 3.23). These calculations assume a oneto-one binding. The amount of LH added is known and constant for the imaginary test
series (50 ng/ml, 1785.7 pM LHtot ). Taking into account the current detection limit of 5
nM, the amount of added antibody and the dissociation constant, a bound LH concentration of 203 pM is determined by using Equations 3.5 and 3.6. Therefore, from totally
1785.7 pM LH (LHtot ), 203 pM (LHneutralized ) need to be bound to significantly alter the
signal. Next, the calculated values for free and neutralized LH can be used for predetermined Kd to approximate the minimal concentrations of antibody needed to bind 203
pM LH (Equations 3.5, 3.7 and 3.6). The results from these approximations are shown in
Figure 3.23. This graph shows the minimal approximated concentration needed of the
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neutralizing antibody that is needed to significantly alter the concentration of LH, i.e. to
be detectable (red line). However, the question whether the device is sensitive enough
still remains. In a clinical report about neutralizing antibodies against HCG [225], the
clinicians verified a low affinity antibody (Kd : 700 nM), but in a rather high concentration 418 nmol/L. When using these numbers, the presented analytical system would be
sufficiently sensitive to detect this neutralizing antibody (green star in Figure 3.23).

(3.5)

LHtot = LHneutralized + LHf ree

Kd =

LHf ree ∗ nABf ree
LHf ree ∗ nABf ree
=
nABComplex
LHneutralized

nABtot = nABcomplex + nABf ree = LHneutralized + nABf ree

(3.6)

(3.7)
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Figure 3.23: Calculations for the limit of detection at different binding strengths. The
Kd value of the tested antibody was used to calculate the amount of free luteinizing hormone (assumption 1:1 binding). For all the other values, this free concentration was fixed
and all other parameters were varied until calculated Kd was equal to given Kd values.
The red line represents the fitted limit of detection, and concentrations on or above this
line are detectable (green area). As an example, an antibody with a dissociation constant
of 15 nM needs to exceed 10 nM concentration in the final assay solution to be detected.
Exemplary, a neutralizing antibody found in clinical sample is shown (green star) [225].
The concentration of this antibody is high enough to be detected by the presented analytical setup.

121

As previously mentioned, the final signal trigger Ca2+ influx is non-specific and calcium
influx can be activated by other pathways and hence, by other drugs. Therefore, the
developed system can also be used for the detection of neutralizing antibodies against
other antigens, as long as the receptor of interest and clytin can be transfected into adherent cells. The flexibility of the system allows exchanging the cell-derived vesicles with
vesicles expressing a receptor of interest, as long as a change in intravesicular calcium
concentration is resulting.
Furthermore, the microfluidic devices and developed protocols can also be used to conduct other analytical studies. The flexibility of the immobilization protocol and the analytical versatility of lipid vesicles allow to think of many different assays possible. Exemplarily, two studies about membrane passage are shown in the next chapter.
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Eyer, K., Herger, M., Krämer, S.D. and Dittrich, P.S.:
Cell-free microfluidic determination of P-glycoprotein interactions with substrates and
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4 Microfluidic studies of membrane
passage

4.1 Aim
The developed protocols and microfluidic systems can also be used for many different
applications. In the following chapter, two example studies dealing with membrane passage are presented. In the first project, lipid bilayer permeation of weak drug-like bases
was studied on-chip and using a stopped-flow apparatus. In a second approach, immobilized cell-derived vesicles were used to study drug- membrane permeation in the
presence of P-glycoprotein. Both of these studies were conducted in collaboriation with
PD. Dr. Stefanie D. Krämer.
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4.2 A liposomal fluorescence assay to study permeation
kinetics of drug-like weak bases across the lipid
bilayer
4.2.1 Introduction
The kinetics of lipid bilayer permeation and protein-mediated transport of amphiphilic
solutes is of high interest in drug development and toxicology. Membrane permeation
is a prerequisite for the solute to reach an intracellular target and determines in addition
its pharmaco- or toxicokinetics, also referred to as its ADMET (absorption, distribution,
metabolism, excretion, toxicitity) properties. Absorption, distribution across tight barriers such as the blood brain barrier and distribution into cells, metabolism to active,
inactive or reactive, toxic metabolites by intracellular enzymes, re-absorption in the renal tubules reducing excretion, all these processes depend on membrane permeation. In
drug development, lipid bilayer permeation is the preferred pathway for drugs to cross
in vivo barriers as this process is unspecific, allowing a broad structure variability, and
non-saturable at typical drug concentrations, excluding transport-related saturation phenomena and drug-drug interactions [226].
Currently, lipid bilayer permeation of a solute is predicted and optimized based on various in silico (computational) and in vitro assays. In silico, compounds are filtered for
structural properties that influence barrier permeation, the most important ones related
to hydrogen bonding capabilities and molecular size [227]. In vitro methods include the
determination of the logarithmic concentration ratio of neutral species (logP) or total compound (logD) in n-octanol/buffer, passage of lipid- or solvent-impregnated filter pores
such as the parallel artificial membrane permeability assay (PAMPA) and permeation
across cultured epithelial or endothelial cell layers [228–230]. These parameters are either
surrogate measures or, in the case of cultured cells, result from a combination of several
barrier mechanisms. There is currently no method available to measure permeation kinetics across a well-defined single lipid bilayer of a wide variety of structurally unrelated
drug-like compounds. Such a method would allow to investigate questions related to
the kinetics and mechanisms of lipid bilayer permeation of drug-like compounds in more
depth.
The thermodynamically most stable form of a bilayer consisting of cell membrane lipids,
is a vesicle or liposome. Fluorescence spectroscopy offers several approaches to study
membrane permeation of fluorescent solutes into liposomes, out of liposomes or across
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barriers formed of fused liposomes. Examples are permeation studies with compounds
with self-quenching fluorescence. After encapsulation at high concentration into liposomes, permeation kinetics can be determined from the increase in fluorescence upon
permeation out of the vesicles. This technique was applied by Jespersen et al . to determine the influence of fatty acids on doxorubicin permeation [231] and by Shimanouchi
et al ., to study permeation kinetics of calcein [232]. Kolesinska et al . presented a method
to follow lipid membrane permeation of fluorophore-labeled cell-penetrating peptides
with a nanoFast chip with lipid-membrane sealed cavities. Florescence in the cavities
resulting from peptide permeation was measured with a fluorescence microscope [233].
Confocal microscopy allows to follow permeation of fluorescent low molecular weight
compounds and peptides out of giant unilamellar vesicles [234, 235]. The major drawback of such approaches is that the solute under investigation must be fluorescent or
carry a fluorescent moiety.
Our groups have studied membrane permeation of peptides, aromatic carboxylic acids
and tetracyclines with terbium-containing liposomes in solution and europium-containing
liposomes immobilized on a microfluidic chip, respectively [197, 236–239]. Photoluminescence occurs when energy is transferred from the aromatic system of the permeated solute
to the liposome-entrapped lanthanide. These lanthanide-based systems have the advantages of low background luminescence and large Stokes shifts. However, the solute requires a suitable absorption spectrum and a structural group that chelates the lanthanide
for energy transfer.
The goal of the work presented here was to develop a liposomal permeation assay that
can be used for a wide variety of structures, in particular for drug-like compounds. Most
pharmacologically or toxicologically active compounds contain a weak base or acid function. As the protonation/deprotonation equilibrium is dependent on the environment,
these solutes change their degree of protonation when passing across the lipid bilayer
[240]. These changes could be monitored by using pH-sensitive fluorophores. Fluorescent
pH indicators were used before to study transfer of protons across lipid bilayers by singlemolecule total internal reflection fluorescence (TIRF) microscopy [241] and permeation of
carboxylic acids across black lipid membranes or into giant unilamellar vesicles by confocal laser scanning microscopy as recently published [242, 243]. However, no method
so far was suitable to determine the permeation kinetics of drug-like compounds across
lipid bilayers. Here, a new approach for permeation studies is presented with drug-like
weak bases, that can be potentially used for weak acids as well. The methodology was
evaluated with liposomes in solution and immobilized on a microfluidic chip, amenable
to high-throughput measurement and investigated the influence of lipid polyethyleneg-
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Figure 4.1: Principle of the liposomal permeation assay. a, b) The extraliposomal (outer)
compartment is buffered (MES/NaCl, pH 5.9), whereas the liposomal lumen (inner) is not
buffered. After the addition of a weak base (B/BH+ ), permeation results in a net proton
(H+ ) release at the outer membrane surface and a net proton capture at the inner surface,
according to the Henderson-Hasselbalch equation, to reach equilibrium. This results in
fluorescence changes of a pH-sensitive fluorescent dye in the liposomal lumen (a) or at the
inner membrane surface (b) while the proton at the outer membrane surface is neutralized
by the buffer system.
lycol modification (PEGylation) on the permeation kinetics with the goal to increase permeation half-lives from the millisecond to the second range.
Figure 4.1 describes the principle of the liposomal permeation assay. At an outside-toinside concentration gradient of a weak base across the lipid bilayer of a vesicle, partitioning from the outside aqueous phase into the hydrophobic core of the bilayer results
in a net proton release at the outer side of the bilayer while partitioning out of the hydrophobic core into the vesicle lumen results in a net proton capture by the basic solute at
the inner bilayer/water interface (Figure 4.1 a, b). These changes in pH can be monitored
in real time with an adequate pH-sensitive fluorophore, ie. here either 8-hydroxypyrene-
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Figure 4.2: Adaptation of the assay to microfluidics. Drug solution and buffer are flowing over HPTS-containing liposomes captured by biotin/avidin on the chip surface. The
small inset shows the glass surface of the chip that is modified by microcontact printing
in a patterned fashion [235](scale bar 50 µm). This enables the measurement of specific
(red area, immobilized liposomes) and unspecific (dark area, no liposomes) fluorescent
increases in the same image series. Subsequent measurements (1-4) are performed by
changing the flow rate ratio of drug solution (red) and buffer (light blue); and by moving
the region of interest as shown in the figure (black small rectangles).
1,3,6-trisulfonic acid (HPTS) in the liposomal lumen (Figure 4.1 a) or N-(fluorescein5-thiocarbamoyl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (F-DHPE), located at the membrane (Figure 4.1 b). The protons released at the outer membrane surface were buffered by 2-(N-morpholino)ethanesulfonic acid (MES), a zwitterionic buffer
with low membrane permeability [244], at pH 5.9, that is slightly acidic mimicking the
pH in the lumen of the duodenum. The liposome lumen contained no buffer but NaCl
at isoosmolarity, equilibrated to the extraliposomal pH. Within this unbuffered environment, proton capture by permeating solutes caused an increase in fluorescence. These
changes in fluorescence were measured in a stopped-flow apparatus (Figure 4.1 a and b)
and with microfluidics technology (Figure 4.2), respectively.
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4.2.2 Methods
Liposomes
Large unilamellar liposomes (LUV) were prepared by thin lipid film hydration and subsequent extrusion [245]. In brief, a thin lipid film of POPC was prepared from a methanol
chloroform stock solution by solvent evaporation at 37 ◦ C in vacuum. For F-DHPE liposomes, 0.05 % of total lipids (w/w) F-DHPE was added before evaporation. For liposomes used in the microfluidic device, 2 % (w/w) DSPE-PEG-biotin and 0.025 % (w/w)
DiI were added to the lipid solution. The lipid film was flushed with nitrogen and 1 mL
per 10 mg lipids of the respective inner aqueous phase (200 mM NaCl, pH 5.9; MES 10
mM, NaCl 190 mM (MES/NaCl), pH 5.9 or 100 µM HPTS in 200 mM NaCl, pH 5.9) was
added. Lipid swelling and formation of multilamellar vesicles (MLV) were induced for 20
min at 37 ◦ C. MLVs were freeze-thawed ten times in liquid nitrogen and in a water bath
at 37 ◦ C respectively, and LUVs were prepared by twenty extrusion passages through a
200 nm membrane (Whatman Nuclepore Track-Etch Membrane, 25 mm, 0.2 µm). The
average hydrodynamic diameter and size distribution were measured by dynamic light
scattering (Zetasizer 3000 HAS, Malvern Instruments). Liposomes were stored at 4 ◦ C for
maximal one week.

Exchange of outer aqueous phase
For stopped-flow experiments, the outer aqueous phase was exchanged by size exclusion
chromatography (Sephadex G-25 PD-10, GE Healthcare). The column was equilibrated
with the desired outer phase (MES/NaCl, pH 5.9 or 100 µM HPTS in 200 mM NaCl, pH
5.9) and 1 mL liposome solution was placed on the column, washed with outer phase
and collected. The column was washed for reuse and stored at 4 ◦ C. For microfluidic
experiments, the outer aqueous phase was exchanged on-chip after vesicle immobilization.

Stopped flow fluorescence measurements
An SX17MV stopped-flow apparatus (Applied Photophysics) was used. The fluorophores
were excited at 450 nm and fluorescence emission was monitored with a long pass filter
475 nm. All measurements were performed at 25 ◦ C. Drug solutions, 20 µM, in the respective outer aqueous phase (MES/NaCl, pH 5.9 or 100 µM HPTS in 200 mM NaCl, pH 5.9)
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were mixed in a 1:1 ratio with the liposomes in the cuvette, resulting in a final lipid concentration of about 2.5 mg/mL. Measurement duration for the initial fluorescence change
was between 0.2 and 2 s. Long-term changes were monitored over 500 s.

Measurements with the microfluidic system
The microfluidic chip was prepared as described recently [197]. In the study described
here, channel heights of either 70 or 20 µm were used. A stripe pattern of biotinylated BSA
on the glass surface was created by microcontact printing. The stripe printing generated
regions with liposomes (signal) and others without (background). Furthermore, each
stripe had defined notches for orientation inside the channel during experiments. For
this purpose, polydimethylsiloxane (PDMS) stamps (2 x 4 mm) were incubated with a
0.5 mg/mL of biotinylated BSA for 30 min. After incubation, the stamp was thoroughly
washed with water, quickly dried with a nitrogen gun and placed on the cleaned glass
slide. The glass slide with the mounted stamp and the top part were both activated in
plasma (18 W, 45 s, Harrick Plasma Cleaner PDC-32G, 0.75 mbar). After stamp removal,
the microfluidic chip was mounted on the glass slide and cured at 50 ◦ C for 30 min. The
non-modified surface was blocked by supplying 4 % (w/v) BSA in PBS (200 µL/min, 1
min). After 30 min of incubation, the channel was rinsed with PBS (200 µL/min, 1 min)
and avidin (0.005 % w/v, 200 µL/min, 1 min) was introduced into the chip. After 30 min
of incubation, the chip was rinsed again with PBS and could be stored for up to 4 weeks
at 4 ◦ C without loss of activity.
On the day of the experiment, liposomes were flushed on the chip (5 mg/mL lipid solution, 5 µL/min, 10 min). The chip was mounted on a TIRF microscope (Leica, DMI6000B,
Leica Microsystems) and fluidic connections were established. Fluids were supplied to
the chip using Teflon tubing and custom-made metal connectors. Syringes were filled
with measurement buffer (MES/NaCl, pH 5.9) or 10 µM drug solution (in measurement
buffer) and flushed through the chip (neMESYS, Cetoni, Germany). During the experiments, the total flow rate was 50 µL/min. Flow rates of the first measurement on a chip
were 45 µL/min for buffer and 5 µL/min for drug solution. For further measurements,
the flow rates were altered as shown in Figure 4.2 c, newly introducing the drug solution
to a part of immobilized liposomes. Fluorescence changes were monitored using the 488
nm laser line (25 ms exposure time, 1000 gain, 60 % laser power). Fluorescence from the
DiI channel was used to adjust the focus (561 nm laser line).
With this procedure, four measurements were performed on each chip. Permeation was
determined with three chips per drug. Furthermore, drug-specific bleaching curves were
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obtained at the end of the experiments.

Simulations
Fluorescence of F-DHPE and HPTS was proportional to the pH value between pH 5.9
and 9.2 (for HPTS, see Figure 4.3). For the calculations, a linear relationship between the
concentration of permeated neutral drug and the fluorescence signal was assumed. The
following equations were applied to simulate the fluorescence as a function of permeated
propranolol concentration. Equation 4.1 shows the ionization equilibria of HPTS. The
amount of dissolved propranolol in the liposomal lumen after permeation of the neutral
species is calculated via Equation 4.2 and propranolol in the inner leaflet after flip-flop of
the neutral species with Equation 4.3.

Emission at 520 nm [a.u.]
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Figure 4.3: pH-dependent fluorescence of HPTS. a) HPTS fluorescence measured at 520 nm as
a function of pH. The estimated pKa is 7 (inflection point at half maximal fluorescence). b) Photograph of
the respective solutions, arranged from low pH (left) to high pH (right).
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[HP T S]total
(10−pHstart + x − y − z)( 1+10
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[HP T S]total
x
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(4.1)
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Ka, P rop =

Ka, P rop mem =

(10−pHstart + x − y − z)([P rop]total − y)
y

(4.2)

(10−pHstart + x − y − z)([P ropmem ]total − z)
z

(4.3)

with pHstart 5.9 and x, y, z denoting the protons released by HPTS and accepted by aqueous and inner lipid leaflet-located propranolol base, respectively. x, y and z were then
adjusted for each propranolol concentration in Figure 4.4 b to reach log(Ka, HP T S ) 7.0,
log(Ka, P rop ) 9.5 and log(Ka, P rop mem ) 9.0 (see Equation 4.4). Total proton concentration
and pH (Figure 4.4) were calculated from the sum of 10−pHstart , x, y and z.

Ka, P rop mem = Ka,P rop − (logPN − logPi )

(4.4)

with logPN 3.27 and logPi 2.76 as determined for egg phosphatidylcholine liposomes
[246]. [Prop mem]total , i.e. the total propranolol concentration in the liposomal lumen
and inner lipid leaflet with respect to the luminal volume, was estimated from the aqueous luminal propranolol concentration, logPN and logPi assuming a lipid layer partial
volume of 7 % (monolayer thickness 2 nm, liposome diameter 176 nm) with respect to the
luminal volume.
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Figure 4.4: Simulated concentration of deprotonated (fluorescent) HPTS. Concentration of
deprotonated (fluorescent) HPTS as a function of pH (a) and as a function of the concentration of permeated
neutral propranolol (concentration in lumen and inner lipid leaflet) b). The pKa of HPTS was 7.0 in the
simulations, as estimated from Figure 4.3.
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Data analysis
Permeation kinetics followed exponential functions [236, 240]. The initial increase in fluorescence was fitted with a biexponential function as shown in Equation 4.5,
F = Ae−ka t + Be−kb t + F0

(4.5)

where F is the measured fluorescence signal, A and B are weighting coefficients, ka und
kb are the rate constants, t is the exposure time and F0 is the starting value of the fluorescence signal. The corresponding apparent permeation coefficient Permapp was calculated
with 4.6 from ka , the rate constant of the fastest phase and r the radius of the liposomes
determined by dynamic light scattering.

P ermapp = ka

r
3

(4.6)

Permeation coefficients of the neutral species (PermN ) were estimated according to the
Henderson-Hasselbalch equation as shown in Equation 4.7,
P ermN = P ermapp (1 + 10pKa −pH )

(4.7)

with the pKa of the drug 4.2. Permeation half-life values (t1/2 ) were calculated from ka
according to Equation 4.8.

t1/2 =

ln(2)
ka

(4.8)

Fluorescence measurements over a longer time period were fitted with a four-exponential
function, shown in Equation 4.9
F = Ae−ka t + Be−kb t + Ce−kc t + De−kd t + F0

(4.9)

where A, B, C and D are weighting coefficients and ka , kb , kc and kd are the rate constants
of the different phases. Terms containing ka or kb were defined to describe the ascending
phase (weighting coefficients smaller than 0) and terms containing kc or kd to describe the
descending part (weighting coefficients bigger than 0) of the curves, with ka bigger than
kb and kc bigger than kd .
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4.2.3 Results
Validation of the method
Figure 4.5 shows the fluorescence changes after addition of the basic drug propranolol to
F-DHPE- and HPTS-containing liposomes. The final drug concentration in the assay was
10 µM. As expected, fluorescence increased after drug addition to liposomes containing
either F-DHPE or HPTS (Figure 4.5 a and b). In theory, permeation kinetics should be
independent of the fluorescent probe. As shown in Figure 4.5 a and b for propranolol
and in Table 4.2 for a series of seven drugs, measured kinetics were independent of the
fluorescent dye. Addition of buffer alone, i.e. MES/NaCl, pH 5.9, in the absence of drug
did not significantly affect the fluorescence signal (Figure 4.5 c).
According to the hypothesis, a proton release at the outer membrane surface after propranolol addition to the liposomes was expected. In the absence of buffer in the outer
compartment, this proton release should result in a decrease in fluorescence of externally
added HPTS. To substantiate the theory, liposomes which were buffered with MES/NaCl,
pH 5.9 inside but not outside are prepared and added HPTS to the outer compartment
only. Propranolol addition resulted in a decrease in fluorescence, in agreement with the
expected decrease in extra-luminal pH (Figure 4.5 d).
In the herein presented approach, it was assumed that proton equilibration across the
lipid bilayer is slower than solute permeation. However, proton equilibration should
eventually result in the return of the fluorescence to the starting signal after the initial
change assigned to solute permeation. Figure 4.5 e and f shows the changes in fluorescence over several minutes after addition of propranolol to F-DHPE-containing liposomes (as in Figure 4.5 a) and HTPS-containing liposomes (as in Figure 4.5 b). After the
increase in fluorescence within milliseconds assigned to solute permeation, the signal indeed returned close to the starting intensity within minutes. If the assumption is correct
that the fast phase of fluorescence increase reflects solute permeation and the slow decrease results from proton equilibration, the rate constants of the fast increasing phase
should be solute-dependent, while those of the slow decreasing phase should be soluteindependent. Figure 4.1 shows the fit parameters including rate constants of the fast and
slow phases of the investigated drugs with HPTS liposomes. While rate constants of the
fast, increasing phases varied by factors of 550 (ka , fastest phase) and 120 (kb ), respectively, those of the slow, decreasing phases varied only by factors 1.3 (kc ) and 3 (kd , slowest phase), in agreement with the hypothesis. The minor variation in the slow phases,
assigned to proton equilibration, may result from the influence of the drugs on proton
permeability of the bilayer.
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Figure 4.5: Fluorescence changes after addition of 10 µM propranolol to F-DHPE and
HPTS liposomes in solution. Fluorescence changes after addition of 10 µM propranolol
to F-DHPE and HPTS liposomes in solution. a) F-DHPE liposomes, buffered outside
with MES/NaCl, pH 5.9 but unbuffered inside. b) HPTS-containing liposomes, same
conditions as in a. c) Same as in b but addition of vehicle (MES/NaCl, pH 5.9) without
propranolol. d) Liposomes were prepared with HPTS outside, buffered with MES/NaCl,
pH 5.9 inside but not buffered outside. e) and f) as in a and b, respectively, but longer
measurement time. Liposomes had an average diameter of 176 nm (HPTS) and 175 nm
(F-DHPE). Grey lines, experimental data; black lines, fits with exponential functions. For
the respective rate constants, please refer to Table 4.1.
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C

-0.0718
-0.0526 ± 0.0217
-0.142 ± 0.0433
-0.116 ± 0.0321
-0.171 ± 0.0532
-0.101 ± 0.0443
-0.0176

A1

kc
[s−1 ]

0.479
4.46 ± 0.778
38.2 ± 2.11
66.7 ± 2.50
102.8 ± 2.14
173.2 ± 19.1
263.3

ka
[s−1 ]

0.0564
0.0511 ± 0.0140
0.0820 ± 0.0256
0.0677 ± 0.0148
0.101 ± 0.0301
0.0692 ± 0.0227
0.0699

D

-0.0295 ± 0.00239
-0.0396 ± 0.0175
-0.0326 ± 0.0117
-0.0274 ± 0.00894
0.00669 ± 0.0328
-0.0706

B

0.00551
0.00241 ± 0.000312
0.00285 ± 0.000208
0.00319 ± 0.0000759
0.00504 ± 0.0000393
0.00404 ± 0.000523
0.00702

kd
[s−1 ]

1.41 ± 0.229
8.97 ± 0.829
17.5 ± 0.389
24.6 ± 3.83
3.37 ± 1.87
172.5

kb
[s−1 ]

Negative values for A, B, C, D indicate ascending phases, i.e., solute permeation, values greater than zero descending phases, i.e., proton equilibration.

1

Table 4.1: Fit parameters of permeation kinetics with HPTS-containing liposomes unbuffered inside, buffered outside
with MES, pH 5.9.

Labetalol
0.0523
0.0396
Domperidone
0.0240 ± 0.00977 0.0347 ± 0.00425
Desipramine
0.0475 ± 0.0195
0.0344 ± 0.0036
Propranolol
0.0379 ± 0.0152 0.0418 ± 0.00576
Loperamide
0.0661 ± 0.0204 0.0388 ± 0.00340
Verapamil
0.0378 ± 0.0115
0.0448 ± 0.0115
Chlorpromazine
0.0719
0.0383

Drug

Labetalol
Domperidone
Desipramine
Propranolol
Loperamide
Verapamil
Chlorpromazine

Drug
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7.4, 9.4
7.9
10.2
9.5
8.7
8.9
9.3

Labetalol
Domperidone
Desipramine
Propranolol
Loperamide
Verapamil
Chlorpromazine
328.4
425.9
266.4
259.3
477.0
454.6
318.9

3.16
99.0
0.50
2.51
15.8
9.99
3.98

Deprot. base
at pH 5.9 b
g/mol
nM

Mw

- 5.52 ± 0.14
- 4.49 ± 0.29
- 3.45 ± 0.06
- 3.33 ± 0.09
- 3.12 ± 0.02
- 2.83 ± 0.19
- 3.01 ± 0.02

F-DHPEc
Log(Permapp /[cm/s]) d
- 5.55
- 4.59 ± 0.07
- 3.65 ±0.02
- 3.41 ± 0.01
- 3.22 ± 0.01
- 2.99 ± 0.05
- 2.81

- 2.1
- 2.6
0.65
0.19
- 0.42
0.010
0.59

HPTS c
Log(Permapp /[cm/s]) d Log(PermN /[cm/s]) e
-

www.drugbank.ca; labetalol pKa 7.4 (acidic), pKa 9.4 (basic) [247]. b Concentration of deprotonated base, calculated from 10 µM total concentration
with the Henderson-Hasselbalch equation. c Liposome hydrodynamic diameter: 175 and 176 nm for F-DHPE and HPTS liposomes, respectively. d
Log(Permapp ) was calculated from the initial (fastest) phase. Average values ± standard deviations from 3 independent experiments or value of a
single experiment. e Calculated from log(Permapp ) according to Equation 4.7).

a

Table 4.2: Logarithmic permeation coefficients log(Permapp ) and extrapolated log(PermN ) of the investigated drugs in
F-DHPE and HPTS liposomes in solution.

pKa a

Drug
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To further corroborate that the slow kinetics resulted from proton equilibration, diluted
NaOH and HCl, respectively, were added to HPTS-containing liposomes buffered outside with NaCl/MES, pH 5.9, and measured the fluorescence over time. The resulting
increase (NaOH) and decrease (HCl) had similar rate constants as the slowest phase in
the permeation experiments (0.0045 ± 0.0006 s−1 for NaOH, 0.0099 ± 0.0013 s−1 for HCl,
for comparison see Figure 4.1, kd ). After pre-incubation of the liposomes with gramicidin
S (5 µg/µmol lipids), an ionophore permeable for cations such as sodium, potassium and
protons, the systems response was much faster (0.1149 ± 0.0037 s−1 for NaOH, 0.1002 ±
0.0126 s−1 for HCl), giving further evidence that the slow kinetics correspond to proton
equilibration.
To further validate the assay, the influence of compounds, which would, according to
the hypothesis described in Figure 4.1, not affect the fluorescence of HPTS-containing liposomes, were examined. Addition of 10 µM benzyl alcohol, colchicine, digoxine and
cyclosporine A, respectively, which all lack a weak basic or acidic function, had no effect on the fluorescence. The hydrophilic aminoglycoside gentamicin, a weak base (five
aliphatic amines, with respective pKa between 5.8 and 9.9 [248]) with a logP of -4.2 is not
significantly permeating cell membranes in the absence of the respective transport protein [249]. As expected, addition of 10 µM gentamicin to HPTS-containing liposomes had
no effect on the fluorescence. Fluorescence traces after addition of these compounds were
similar to that after buffer addition shown in Figure 4.5 c.
As an additional proof of concept the permeation kinetics of fluorescent doxorubicin was
determined on-chip by measuring both fluorescence of doxorubicin and HPTS. Kinetics
in the two emission windows was similar, as shown in Figure 4.6, giving more evidence
that HPTS fluorescence reflects drug permeation.

Correlation between permeation coefficients and lipophilicity
As mentioned in the introduction, no assay is currently available to determine the kinetics
of lipid bilayer permeation of structurally unrelated drug-like compounds experimentally. A reference method to verify the results is thus not available. In general, in vivo
barrier permeation correlates with solute lipophilicity [227]. Next, it was investigated
whether permeation coefficients determined with the assay correlated with lipophilicity. The kinetics of seven drugs were analyzed both with F-DHPE and HPTS liposomes.
Permeation kinetics followed, respectively, mono-, and bi-exponential functions as expected [240]. Table 4.2 shows the log(Permapp ) values calculated from the fastest phases
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Figure 4.6: Agreement between kinetics estimated from doxorubicin and HPTS fluorescence. Doxorubicin (pKa of basic amine 8.9) was introduced to PEGylated HPTScontaining liposomes immobilized on the chip. Doxorubicin shows only minor spectral
crosstalk with HPTS. Doxorubicin was excited at 488 nm and emitted light was collected
at wavelength longer than 600 nm, the HPTS signal was recorded as described in the
manuscript. The increase in doxorubicin fluorescence was similar to the increase in HPTS
fluorescence (t1/2 doxorubicin 72.9 ± 3.9 s, t1/2 HPTS 78.4 ± 2.5 s). After about 10 min at
constant flow with doxorubicin solution, the HPTS signal was decreased as expected due
to proton equilibration while the doxorubicin signal remained high (not shown), indicating that the individual kinetics of doxorubicin and HPTS were recorded.
of the kinetics of the compounds as well as pKa and molecular weight (Mw ). The complete kinetic analyses are shown for the HPTS liposomes in Table 4.1. Figure 4.7 shows
the relationship between the determined log(Permapp ) and computed logP of the investigated drugs. For logP, an average of the computed values ALOGPs, AC logP, miLogP,
ALOGP, MLOGP, KOWWIN, XLOGP2 and XLOGP3 (www.vcclab.org) was used [250].
As expected, log(Permapp ) increased with increasing lipophilicity. However, Permapp of
propranolol would be underestimated by a factor of 30 if predicted from logP applying
the resulting correlation between logP and log(Permapp ). As shown in Figure 4.7 b, the
log(Permapp ) values furthermore correlated with experimental logD values determined at
pH 7.4 available from a Roche in-house data base.

Permeation kinetics of weak bases and acids and thus log(Permapp ) values are depending
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Figure 4.7: Permeation coefficients correlate with lipophilicity. Average log(Permapp )
determined with HPTS liposomes at pH 5.9 (Table 4.2; n = 3 independent experiments or n
= 1 in case of labetalol (La) and chlorpromazine (C)) plotted against computed logP values
a) or experimental logD values (n-octanol/buffer, pH 7.4) as available from a Roche inhouse data base b). Vertical error bars indicate standard deviations of log(Permapp ). logP,
average of 8 computational methods (www.vcclab.org, see text) with range of computed
values indicated as horizontal error bar. C, chlorpromazine; V, verapamil; Lo, loperamide;
P, propranolol; De, desipramine; Do, domperidone; La, labetalol.
on the pH of the solution, as the fraction of neutral solute of total solute depends on pH.
Furthermore, Table 4.2 shows the log(PermN ) values extrapolated from log(Permapp ) with
the Henderson-Hasselbalch equation as shown in Section 4.2.2.

Rate-limiting step
In theory, diffusion to the vesicle and/or partitioning into the outer lipid leaflet can become rate-limiting for permeation at a high ratio between the volume of the outer aqueous compartment and the barrier area [236, 240]. The (apparent) rate constant of partitioning into the membrane decreases as the volume-to-area ratio increases. In contrast,
rate constants of translocation between the lipid leaflets (flip-flop) and partitioning out
of the membrane at the inner layer should be independent of the ratio of outer volume
to barrier area. In the case that diffusion in the outer aqueous phase or partitioning into
the outer lipid leaflet is rate-limiting, Permapp should increase with increasing liposome
concentration (decreasing ratio of outer aqueous volume to barrier area). To investigate
the influence of the ratio of outer aqueous volume to barrier area, the permeation kinetics at 0.5- and 5-fold the lipid concentration used for the experiments described above,
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i.e., between ∼ 1.3 and 13 mg/mL, were studied. There was no correlation between rate
constants and lipid concentration. All rate constants ka and kb , except kb of verapamil,
were within a factor of 1.4 of those shown in Table 4.2 and Table 4.1. This indicates that
neither diffusion to nor partitioning into the outer lipid leaflet was rate-limiting in the
permeation process of the investigated drugs under the experimental conditions.

Permeation assay on a microfluidic chip
Adaptation of the liposomal assay to a microfluidic platform enables parallelization and
thus higher throughput of measurements at low sample consumption. Both are favorable
at early stages in drug development. To test the feasibility of such integration, HPTScontaining liposomes are immobilized onto the surface of a microchip. Binding spots for
the liposomes were created by microcontact printing, alternating with inactivated regions
[196, 197]. Vesicle capturing regions contained biotinylated bovine serum albumin (BSA)
and where further modified with avidin, whereas the non-printed surface was blocked
with BSA beforehand. For pilot experiments with domperidone, liposomes were immobilized to the surface by a water-soluble cholesterol-PEG-biotin moiety [196]. The fluorescence of the liposome-entrapped HPTS was measured by TIRF microscopy. A good
agreement was found between stopped flow and on-chip measurements (log(Permapp )
-4.59 ± 0.07 vs. -4.73 ± 0.05).
To exclude the possibility that the observed kinetics were governed by mass transfer to the
vesicle, microfluidic chips were prepared with 20 and 70 µm channel height, respectively,
and tested these at total flow rates of 50 and 15 µL/min. Neither channel height nor flow
rate had a significant influence on log(Permapp ) of domperidone, which was used as test
compound.
However, the observed kinetics of fast permeating drugs could be influenced by the time
required for complete flow rate change on chip. At a total flow rate of 50 µL/min, flow
rate changes required ∼ 800 ms to fully occur under the applied conditions, as determined
with buffer containing fluorescein. This is significantly longer than most of the permeation kinetics measured with stopped flow (Figure 4.5). The change in flow between
single experiments would thus affect the observed permeation kinetics. The modification
of membrane surfaces with PEG can reduce permeation rates of solutes across bilayers
[251]. Next, it was investigated whether PEGylation of the liposomes would allow to
reduce permeation rate constants in the microfluidic approach to comply with the flow
kinetics of the system. Liposomes were anchored via biotinylated, PEGylated lipids to
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Figure 4.8: Comparison between log(Permapp ) determined with HPTS liposomes in solution and on a chip. HPTS-containing liposomes, buffered outside with MES/NaCl, pH
5.9 in solution (x-axis, stopped flow) and immobilized by biotin-avidin on a microfluidic
chip (y-axis, microfluidic system), respectively. Liposomes on the chip were PEGylated
to reduce Permapp values. Average values of 3 independent experiments with standard
deviations (one experiment each with stopped-flow for chlorpromazine (C) and labetalol
(La). Symbol designations as in Figure 4.7.
surface-bound avidin [197]. In contrast to the cholesterol-PEG-biotin linkers described
above, also lipids facing the fluidic channel are PEGylated in this approach. The respective permeation rate constants of the investigated drugs are shown in Table 4.3. Figure
4.8 shows the correlation between the kinetics determined with the microfluidic system
and the liposomes in solution. Logarithmic Permapp values correlated with a slope of 1.10
chip/solution, an intercept of - 2.45 and an R2 of 0.94 (n = 7). This confirms that the assay
is adaptable to higher throughput techniques and that rate constants can be reduced by a
constant factor, in the example 102.45 by lipid PEGylation.
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Drug

Labetalol
Domperidone
Desipramine
Propranolol
Loperamide
Verapamil
Chlorpromazine

On-chip
Log(Permapp /[cm/s])

Stopped flow
Log(Permapp /[cm/s])

-8.37 ± 0.17
-7.41 ± 0.08
-6.94 ± 0.06
-6.47 ± 0.08
-5.72 ± 0.13
-5.60 ± 0.08
-5.34 ± 0.09

-5.55
-4.59 ± 0.07
-3.65 ± 0.02
-3.41 ± 0.01
-3.22 ± 0.01
-2.99 ± 0.05
-2.81

Table 4.3: Logarithmic permeation coefficients log(Permapp ) of the investigated drugs
with HPTS-containing liposomes on-chip and measured with the stopped-flow apparatus. For more information and correlation factors, please refer to the text.

4.2.4 Discussion
In this study, an assay that allows for the measurement of lipid bilayer permeation of a
nearly unlimited variety of drug- and toxin-like compounds in real time is presented. In
drug development, the extent of permeation of in vivo barriers is successfully predicted
from cell monolayer permeability assays with e.g., Caco-2 cells, and artificial membrane
permeability assays such as PAMPA [226, 229, 230]. With cell assays, in vivo transport
by transport proteins can be predicted to some extent in addition to lipid bilayer permeation. The various permeation mechanisms, i.e., lipid bilayer permeation, paracellular
diffusion, transporter and carrier-mediated and -facilitated transport, respectively, can,
however, hardly be studied individually. Artificial membrane permeability assays estimate passive diffusion in the absence of transporters and carriers with high predictive
power. However, as the barrier does not mimic the lipid bilayer structure of the biological
membrane, it cannot be used to investigate details on partitioning and flip-flop kinetics
in more depth. The liposomal assay not only offers new possibilities for high-throughput
screening in drug development but also allows addressing questions of scientific interest,
as kinetic details of lipid bilayer permeation are now experimentally accessible. Kinetic
measurements of solute permeation across lipid bilayers will help to unravel the mechanisms of permeation on a molecular/mechanistic level, questions that have so far been
addressed mainly by in silico calculations [252].
As expected, a positive correlation between lipophilicity and the measured permeation
coefficient was found. However, the results also show that computed lipophilicity alone
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is not sufficient to predict membrane permeation kinetics. Propranolol permeation was
∼ 30-fold faster in the assay than would be expected from its lipophilicity according to
the correlation between log(Permapp ) and computed logP values. In addition, the large
ranges of computed logP values for a particular compound emphasize the uncertainty in
computational-parameter estimations.
Results were independent of the fluorophore. HPTS has the advantage that it can be easily
removed from the outer aqueous phase to exclude effects on fluorescence from extraluminal processes. In addition, bilayer intercalation of a carrier lipid, such as in F-DHPE
liposomes, is not required, simplifying vesicle preparation from pre-existing membranes,
including cell membranes.
In the liposome solution, the average height of the aqueous phase above the outer barrier
surface is ∼ 1.5 µm as estimated from the ratio of outer aqueous volume to barrier area.
This is in the same range as the respective estimated height at the intestinal barrier [240].
The here described liposomal assay thus mimics not only the pH but also the ratio of
aqueous volume to surface area of the intestinal barrier. This is of relevance as this ratio
determines whether mass transfer/partitioning or flip-flop is rate-limiting in permeation
[240].
Permapp of domperidone with POPC liposomes was similar in solution and on the chip
when liposomes were immobilized by cholesterol that was previously attached to the chip
surface by PEG-biotin/avidin [27]. However, kinetics of drugs with higher lipophilicity
was in the range of the kinetics of fluid exchange within the chip. A direct transfer of
the assay to microfluidics was, therefore, not possible. A significant reduction in permeation rates was achieved by PEGylation of 2 % of the total lipids with PEG 2000, enabling
the transfer to the chip. Despite this ∼ 300-fold reduction in Permapp , a good correlation between Permapp values determined with PEGylated liposomes on the chip and nonPEGylated liposomes in solution was found. This indicates that permeation was still
determinant for the observed kinetics. PEGylated liposomes can thus be used in this assay to predict the permeation behavior of drugs. This not only enables high-throughput
measurements with microfluidic systems but also allows measurements in solution without the need of a stopped-flow apparatus. While kinetics was in the micro- to millisecond
range with the POPC liposomes, they were in the second to minute range with the PEGylated liposomes. Furthermore, due to the laminar flow regime on the microfluidic chip, a
large unstirred water layer is not likely and the influence of a depletion layer negligible. A
more biology-oriented approach to reduce permeation rates would be the incorporation
of cholesterol into the bilayer, a sterol that is naturally present in high amounts in mammalian cell membranes [237]. Alternatively, fast permeation kinetics as observed with
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POPC bilayers in this study may be determined in microfluidic systems under optimized
conditions as recently introduced by Ohlson et al . [253].
The assay may be adapted to study lipid bilayer permeation of weak acids by replacing F-DHPE or HPTS with pH-sensitive fluorophores with a pKa up to 3 pH units above
the expected pKa of the tested acids. Furthermore, beside lipid bilayer permeation the
assay offers new opportunities to study kinetics of carrier- and transporter-mediated barrier transfer. For this purpose, liposomes need to be replaced by vesicles containing the
transporter of interest or consisting of cell membranes. In this work, drug concentrations
that are typically below the saturation concentration of carrier and transport proteins
were used. The assay should, therefore, be sensitive enough to measure the kinetics of
protein-mediated transport. Prerequisites are similar density of the transport protein in
the vesicle membrane as in vivo and a preference of the transporter for one ionization
species, ideally the less abundant species at the experimental pH.
A limiting factor of the assay is that permeation of the test compound needs to be faster
than proton permeation across the studied lipid bilayer. The fact that only weak bases and
possibly weak acids can be studied with the here described assay is a minor limitation as
most drug-like compounds belong to these classes, in particular to weak bases.
In conclusion, a method was daveloped that allows rapid and reliable assessment of permeation kinetics of basic drug-like compounds across lipid bilayers in solution and on a
chip. Test compounds do not require a chromo- or fluorophore for the measurement. Kinetics followed a model taking into account translocation between the two lipid leaflets
as well as partitioning between the aqueous phases and lipid leaflets on both sides of
the bilayer. Experimental permeation coefficients across POPC bilayers correlated with
lipophilicity and lipid PEGylation reduced permeation rate constants by a constant factor.
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4.3 Microfluidic studies of P-glycoprotein
4.3.1 Introduction to p-glycoprotein
P-glycoprotein (P-gp; MDR1; ABCB1) is a member of the ATP-binding cassette family of
transporters with highest expression in the intestine, liver, kidney and blood brain barrier
[254, 255]. P-gp actively transports endogenous substrates such as steroids and cytokines
out of the cell [256] and reduces uptake of xenobiotics into the cell. The transport function requires energy from ATP hydrolysis whereby ATP consumption is also significant
in the absence of known substrates. The protein recognizes a broad structural variety of
compounds with generally hydrophobic and basic properties [257] and is involved in numerous drug-drug interactions [258]. It has first been identified as a key player in multidrug resistance of cancer cells [259, 260]. P-gp plays a major role in the pharmacokinetics
of many drugs and drug candidates and is directly or indirectly involved in reducing
absorption, restricting distribution and increasing excretion of its substrates. The United
States Food and Drug Administration (FDA) and the European Medicines Agency (EMA)
both request the evaluation of drug candidates regarding their P-gp transport and inhibition and possible drug-drug interactions related to P-gp transport [261].
Several methods are available to test drug- P-gp interactions in vitro, however, the results are often inconsistent [262]. The most widespread assay for in vitro substrate testing
for P-gp uses confluent cell layers grown on a porous membrane. The concentration of
test compounds is measured on one or both sides of the barrier to evaluate P-gp transport or inhibition. Other approaches make use of competing cell efflux of a fluorescent
substrate such as daunomycin, doxorubicin or rhodamine 123. The calcein AM assay offers an elegant way to assess P-gp activity. Cells are incubated with the non-fluorescent
P-gp substrate calcein AM and accumulation of the fluorescent calcein, which is the nonpermeating product of enzymatic hydrolysis, is determined. P-gp transport reduces calcein accumulation. These methods usually involve living cells and analysis by fluorescence microscopy [263–265], fluorescence spectrophotometry [266, 267], fluorescence activated cell sorting [142], or combinations thereof [268]. To overcome difficulties associated with cell-based methods, alternative approaches with artificial membranes were introduced. For example, reconstituted P-gp in membranes or P-gp containing membrane
rafts were used to study the potential of a test compound to alter the ATP consumption of
P-gp [125, 269]. Recently, Sasaki et al . [190] succeeded to assess P-gp inhibition in single,
inside-out proteoliposomes consisting of membranes of P-gp transfected Sf9 insect cells.
The proteoliposomes were immobilized in a microfluidic device using DNA duplexes,
and the transport of a fluorescent substrate (rhodamine 123) into individual vesicles was
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observed in the presence of inhibitors after an incubation time of 20 minutes. Another
rapid method with reconstituted P-gp into liposomes was presented by Melchior et al .
[270]. However, reconstitution of P-gp suffers a major drawback since it has been shown
that the lipid environment influences the activity of P-gp [271–273], and therefore a natural lipid environment would provide more reliable results. This is further supported by
a study that reports synergistic binding effects of lipids, nucleotides and drugs to P-gp
[274].
a)
Collection
cytochalasin b
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Extrusion through
400 nm pores
Immobilisation
on chip
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P-gp functional
(ATP added)
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Figure 4.9: Scheme of the method and the assay for the rapid determination of P-gp
-drug interactions. a) Vesicle preparation. Living cells are incubated with cytochalasin
B, resulting in the budding of vesicles from the cell membrane and encapsulation of intracellular compounds. Important for the fluorescence assay is the encapsulation of the
esterases. The vesicles are collected, extruded and subsequently immobilized on the microfluidic chip via a cholesterol-biotin linker. b) Fluorescence assay. Left: Addition of
calcein AM and ATP to the cell-derived vesicles. P-gp hinders the permeation of the substrate calcein AM. Under these conditions, no fluorescent calcein is formed in the vesicle.
Middle: Addition of calcein AM without ATP results in permeation of calcein AM due
to non-functional P-gp. This further leads to the formation of fluorescent calcein inside
the vesicles. Right: Addition of calcein AM, ATP and an additional P-gp substrate. Here,
calcein AM partially permeates the membrane, and is partially effluxed by P-gp. The
increase of fluorescent calcein inside the vesicle depends on the strength of drug- P-gp
interaction.
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In this study, a new method was introduced for rapid determination of drug- P-gp interactions. Here, cell-derived vesicles obtained from human P-gp overexpressing canine
kidney epithelial cells (MDCK) were used. Therefore, the natural lipid environment of Pgp was conserved. Unlike cells, these vesicles did not require cell-culture conditions and
were not prone to processes involved in apoptosis or cell death when exposed to cytotoxic
compounds. Furthermore, it was shown that these vesicles can be conveniently prepared
in large batches and stored for at least 8 weeks without significant loss of activity. The
vesicles were immobilized on the surface of a microfluidic channel via a cholesterol linker
[196] and exposed to small volumes of test compound solution (Figure 4.9). Estimation
of the transporter-drug dissociation constant (K) were possible within the short time of
5 minutes by quantifying the efflux of calcein AM in the presence and absence of test
compound.
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4.3.2 Methods
Master and chip fabrication
The master mold for the fluidic channel was prepared using a four-inch silicon wafer (SiMat, Kaufering, Germany). The plain wafer was first dehydrated for 5 min at 200 ◦ C.
To increase the adhesion of the photoresist, 0.5 mL of hexamethyldisilazane was spincoated (7500 rpm, 30 s) onto the wafer afterwards. In the next step, 1 to 2 mL of positive
photoresist AZ-9260 was spin-coated (1900 rpm, 60 s) to create a resist thickness of approximately 12-13 µm. After a soft bake step (110 ◦ C, 200 s), the resist was exposed to UV
light (750 mJ/cm2 , measured at 365 nm) using a mask aligner (MA-6 mask aligner, Karl
Suess, Germany) and a transparency photomask (Circuitgraphics, UK). Resist development was performed for 3 to 4 min using 25 % (v/v) AZ-400K developer concentrate in
75 % (v/v) distilled water. The round-shaped channel profile was created using a reflow
of the photoresist (120 ◦ C, 2 min). The master mold for the control channels was produced
with the negative photoresist SU-8. Again, a four-inch silicon wafer was first dehydrated
at 200 ◦ C for 5 min. Afterwards, SU-8 2015 was spin-coated (1750 rpm, 30 s) onto the
plain wafer to a height of 20 µm, and the wafer was soft baked (240 s at 95 ◦ C). Next,
the wafer was exposed to UV light (150 mJ/cm2 , at 365 nm) using a mask aligner and a
transparency photomask. After the post-exposure bake at 95 ◦ C for 300 s, the photoresist
was developed using mr-Developer-600 for 4 min. Both wafers were hard-baked at 200
◦
C for at least three hours. Finally, the wafers (both fluidic and control) were stored over
night under vacuum together with 1H,1H,2H,2H-perfluorodecyldimethylchlorosilane to
prevent PDMS adhesion in the following chip preparation process.
The multilayer microfluidic chip was made by soft lithography using PDMS. The layers
were prepared separately, and alignment, assembly and bonding of both layers resulted
in the final device. For this, PDMS elastomer and curing agent were thoroughly mixed in
a ratio of 10:1 and the mixture was degassed. For the production of the control layer, the
viscous mixture was poured onto the master mold and cured at 80 ◦ C for 3 hours. After
curing, PDMS was peeled off the wafer, the chips were separated and the inlets were
punched with a 1 mm biopsy puncher (Miltex, York PA). For the fabrication of the fluidic
layer, about 3 g of the mixture was poured onto the master comprising the fluidic layer
design and spin-coated at 2500 rpm for 60 s (Laurell-WS-400-6NPP Spin Coater, North
Wales PA). The spin-coated master was subsequently cured for at least 30 min at 80 ◦ C.
Next, the control and fluidic layers were permanently plasma bonded. Both layers were
activated in an oxygen plasma for 45 seconds at 18 W (Harrick Plasma Cleaner PDC32G, Ithaca NY) and afterwards aligned on a multizoom microscope (AZ 100M, Nikon
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Corporation, Switzerland). The assembly was cured overnight at 80 ◦ C. Finally, the device
was removed from the master mold, and inlets for fluidic connections were punched (1.5
mm biopsy puncher Miltex, York PA). The chip production was completed by bonding
the fluidic layer to a clean glass slide for 45 s at 18 W in a plasma cleaner. Afterwards, the
chip was placed on a hot plate at 100 ◦ C for 30 minutes.
To functionalize the surface, sterile-filtered biotinylated BSA (bBSA) solution (0.5 % (w/v))
was centrifuged into the chip (800 g, 5 min). After an incubation time of 1 hour the chip
was flushed with PBS. At this point, the chip was either used directly or stored for up to
two weeks at 4 ◦ C without loss of activity. To complete the surface modification, a 0.025 %
(w/v) solution of avidin and streptavidin-Texas Red (10:1) was flushed through the chip
for 20 minutes at a flow rate of 5 µL/min. Afterwards, the chip was washed with PBS for
10 minutes. Finally, a solution of cholesterol-PEG-biotin (7 µM in PBS) was introduced
for 20 minutes. After another washing step with PBS, the chip was stored overnight at 4
◦
C and typically used on the next day. On the day of the experiment, the vesicle solution
was loaded at a flow rate of 2 µL/min for 15 minutes. Afterwards, the device was washed
with buffer to remove residual vesicles and cell media.

Raft preparation and ATPase assay
MDCKII-MDR1 cells, provided by the Netherlands Cancer Institute, were cultured as
described in reference [275] . Raft extraction and ATPase assay were performed following
a slightly modified protocol from Bucher et al . [125]. About 4x108 cells were incubated for
15 min with 2 ml TNE/TX-100 buffer (25 mM Tris, 150 mM NaCl, 5 mM EDTA, 1 % (v/v)
Triton-TX 100, pH 7.4) on ice. The cells were homogenized using a Potter homogenizer (50
strokes, 1000 U/min−1 ) and rafts where enriched by sucrose gradient ultracentrifugation
as follows. The lysate was mixed with an equal volume of 80 % (w/v) sucrose in TNE
buffer (25 mM Tris, 150 mM NaCl, 5 mM EDTA, pH 7.4) and overlaid with 2 mL each
of 30 %, 20 %, 10 % and 1.5 ml of 5 % (w/v) sucrose in TNE buffer. After centrifugation
in a SW41Ti rotor (Beckman Optima L-70 ultracentrifuge, Beckman, CA) for 19 h at 4
◦
C and 200,000 g, about 2 mL of rafts were visible as a turbid band in the upper part of
the tube. The concentration of proteins of the carefully collected rafts was determined
in a standard Bradford assay. Measured protein concentrations were usually around 200
µg/ml. Aliquots were stored at -20 ◦ C for at most 4 weeks.
An adapted protocol from Bucher et al . [125] was used to measure the ATPase activity in
a 96 well plate (Corning USA, flat bottom, black). Due to the higher expression levels of
P-gp in MDCK-MDR1 cells than in P388/ADR, rafts corresponding to 1 µg protein per
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well were used instead of 5 µg. Rafts were incubated with 0.5 mM PEP, 280 µM NADH,
30 U/ml PK, 44 U/ml LD, 1 mM DTT (pH 7.4) and the drug at the indicated concentration for 15 min. To start the reaction, 9 mM ATP (in TNE buffer, pH 7.4) were added to
a final volume of 200 µL per well. Fluorescence measurements were immediately started
in a Synergy HT Plate Reader (Bio-TeK, Winooski VT) at 37 ◦ C for two hours. The excitation and emission wavelengths were 340 nm and 460 nm, respectively. For each drug, 8
different concentrations - each in triplicates - were assayed.
For data analysis, blank samples served as a background, reflecting the decrease in NADH
fluorescence in the absence of ATP and drug (vblank , spontaneous oxidation and bleaching of NADH). The basal ATPase activity was determined in the absence of drug (v(x=0) ),
where x is the drug concentration. For data analysis, fluorescence decrease was fitted with
a linear regression model between 1 and 2 hours after starting the reaction (Figure 4.10
a). The obtained slopes (v(x) ) were first background corrected by subtraction of the slopes
from blank samples, and further normalized to the basal activity (equation 4.10). The resulting data was fitted to a transformation of the Michaelis-Menten (equation 4.11):

vapp =

(v(x) − vblank )
(v(x=0) − vblank )

vapp = C +

v0
1 + Kx

(4.10)

(4.11)

where v’ denotes the hypothetical maximal relative drug-induced increase in ATP hydrolysis (assuming no inhibition at high concentrations, see below) and K is the apparent
dissociation constant (i.e. the drug concentration at half maximal increase in ATP hydrolysis). The relative basal activity C was set to 1, v’ and K were fitted with Equation 1 and
K was used for further analyses. For drugs with a bell-shaped vapp -x profile (see Figure
4.15 for examples), concentrations above maximal vapp were excluded from the fit.

Membrane vesicle preparation
The membrane vesicles were prepared similar to the procedure described by Pick et al .
[179]. For vesiculation, MDCKII-MDR1 cells were grown to about 80 % confluence. The
cell layer was washed with serum-free RPMI and 10 µg/ml cytochalasin B in serum-free
RPMI was added to induce vesiculation. After 15 min incubation at 37 ◦ C, the flask was
tapped and the supernatant was collected. The supernatant, containing the shed vesicles,
was subsequently extruded 11 times (Micro-Extruder, Avanti Polar Lipids, Alabaster AL)
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Figure 4.10: Description of the three assays used in this section. The first row shows a
schematic of the assay, the middle row simulated raw data traces, i.e., fluorescence over
time, and the third row the normalized fluorescence changes as a function of drug or ATP
concentration. a) ATPase assay. ATP hydrolysis by P-gp results in a decrease of NADH
fluorescence over time. Here, the drug concentration (x) is varied, resulting in different
linear slopes after an initial non-linear decrease in NADH fluorescence. The slopes are
further normalized and plotted against drug concentration for fitting of K. b) Calcein AM
storage assay. In this assay, the permeation of calcein AM into the vesicles is measured
over time at different ATP concentrations (x). The data was fitted linearly during minutes
10 to 20, and the resulting slopes are plotted against the respective ATP concentration
for fitting of v’. c) On-chip calcein AM assay. For description, please refer to Figure 1.
Calcein fluorescence is measured over time in the presence of different concentrations of
drug (x), and the curves are fitted linearly. The slopes are normalized and plotted against
the respective drug concentration for fitting of K.

through a polycarbonate membrane with 400 nm pore size (Whatmann Nucleopore, UK).
The average diameter of the vesicles was estimated before and after extrusion by dynamic
light scattering (DLS; Zetasizer 3000 HAS, Malvern Instruments, UK).
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Calcein AM assay to optimize vesicle storage conditions
A fluorescence assay was performed to test the P-gp activity of cell-derived vesicles after
storage. Fresh and stored vesicle suspensions, respectively, were diluted 1:250 in assay
buffer (HBSS with 30 mM Tris HCl and 0.1 % (w/v) BSA) and 10 µL of the dilutions
were pipetted into a 96 well plate and further diluted with 70 µL assay buffer. ATP was
added in different concentrations in 20 µL assay buffer and measurements were started
immediately after addition of 100 µL of 2 µM calcein AM in assay buffer (final concentration 1 µM) in a Synergy HT plate reader (BioTek, Winooski, VT) at 37 ◦ C for two hours.
The excitation and emission wavelengths were 485 nm and 525 nm, respectively. For each
preparation and storage time, duplicates were measured. Fluorescence increase over time
(v(x) ), i.e., calcein accumulation within the vesicles at different ATP concentrations, were
fitted linearly between 10 and 20 minutes, and data was normalized to the slope without
added ATP (v(x=0) , no efflux of calcein AM by P-gp) of each preparation and day, where
x denotes the concentration of ATP (Equation 4.12, Figure 4.10 b).

vapp =

v(x)
v(x=0)

(4.12)

Equation 4.11 was used to fit the data, with C = 1. Here, v’ denotes the calcein accumulation at infinite ATP concentration (x → ∞ ) and was used for comparisons of the
preparations. Low v’ indicates functional P-gp while v’ is 1 in the absence of P-gp transport.

On-chip calcein AM assay
For TIRF experiments, the chip was mounted on an inverted microscope (DMI6000B,
Leica Microsystems, Switzerland) equipped with a 100 x oil immersion objective (NA
1.47, HCX Plan Apo, Leica Microsystems, Switzerland), which produced an evanescent
field above the glass slide. The control layer was connected to the nitrogen gas houseline
using a custom-built pressure control system and pressurized up to 3 bar to close the
valves. The fluid layer was connected to a commercial pressure control system (Fluigent,
Paris, France) via Teflon tubing and filled with roughly 20 µL buffered solution or vesicle
suspension. One of the four inlets was filled with a solution containing 2 µM calcein
AM in Tris 150 mM pH 7.4. This line served as a standard for normalization, as well as
positive control for successful surface modification. The other three tubings and inlets
were filled with a solution containing 2 µM calcein AM, 1 mM ATP and the various drug
concentrations in 150 mM Tris pH 7.4. Initial focusing and alignment of the microchip
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was done with a 561 nm-laser. For measurements, the 488 nm laser line was used at a
low laser power (15 % power according to the Leica LAS AF control software). The four
channels were flushed simultaneously by opening the valves (total flow rate of about 1.5
µL/min). Image recording was started directly after opening the valves. The fluorescence
emitted from calcein inside the native vesicles was recorded using a front-illuminated
EMCCD camera (iXon Andor, Belfast, UK) with an exposure time of 400 ms and a gain of
100. Images were taken every 10 s for 5 min. The image processing software ImageJ [276]
was used to determine the fluorescence intensity within one of the four defined areas just
after the four inlet channels were merging together (see also Figure 4.12 a). The data from
the first 6 frames was discarded to account for the time that is required to flush the test
solutions to the observation area. The slope from the calcein AM standard line (v(x=0) )
served as normalization to reduce chip-to-chip variability (Equation 4.13, Figure 4.10 c).
Here, x denotes the drug concentration in the different solutions.

vapp =

v(x)
v(x=0)

(4.13)

In analogy to the calcein AM assay to optimize storage conditions, fluorescence increase
is inversely linked to P-gp inhibition (Figure 4.9 b), i.e. a fully functional P-gp would result in no fluorescence increase, whereas an inhibited transport function would result in
a characteristic increase in fluorescence. In this context, vapp = 0 (no fluorescence increase)
would refer to a fully functional, non-inhibited P-gp, whereas vapp = 1 (maximal fluorescence increase) would refer to a fully inhibited P-gp. To obtain the apparent dissociation
constant K, the resulting normalized slopes vapp were plotted against the drug concentration and the curves were fitted according to Equation 2. In this assay, C (here 0.02) is
the minimal increase in the absence of drug but in the presence of calcein AM and ATP,
and v’ the maximal increase at infinite drug concentration (v’ = 1).
The resulting curves (dissociation constant against normalized fitted slope) were fitted
with a dose-response equation after Hill (see Equation 4.14),
y = A1 −

(A2 − A1 )
(1 + 10(logx0−x)p )

(4.14)

where A1 and A2 depict the basal and plateau level (here 0 and 100 %), logx0 the point of
inflection and p the steepness of the curve.
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4.3.3 Results
The principle of the new cell-free assay to study drug- P-gp interactions is shown in Figure 4.9. The assay relies on the well-characterized interaction between the substrate calcein AM and P-gp [142, 262, 266, 277]. In the following, the characterization of the cellderived vesicles, the procedure of the microfluidic assay, and the comparison of the data
with an alternative assay and with reference data provided by the FDA is described.

Vesicle characterization

Cell-derived vesicles were prepared according to existing protocols [179, 180] and as described in the Methods section. The exposure of the cells to cytochalasin B that interacts
with the actin filaments resulted in budding of the plasma membrane (Figure 4.9 a). Average diameters of the shed vesicles ranged from 600 to 1000 nm, in good agreement
with former studies [179]. Extrusion reduced the average diameter to 150-230 nm with a
polydispersity index between 0.5 and 0.7. This size is ideal for observations with a TIRF
microscope. Figure 4.11 a shows the dose-response curve of calcein fluorescence increase
for the well-characterized P-gp substrate verapamil, confirming that both P-gp and esterases are active after vesicle preparation and extrusion. To confirm that P-gp transport
rather than calcein AM hydrolysis is rate-limiting in the assay, calcein fluorescence was
measured at various ATP concentrations. The results are shown in Figure 4.11 c . They not
only confirm the presence of active P-gp and of intravesicular esterases, but also indicate
that transport by P-gp is the rate-limiting step as fluorescence was strongly dependent
on the ATP concentration. Fluorescence changes were ATP-independent after lysis of the
vesicles.

Influence of storage conditions on vesicle size and activity
One advantage of using vesicles compared to cells is the possibility to freeze vesicles for
storage with minimum loss of activity [179]. Various storage conditions, as listed in Table
4.4, were tested. After thawing, the diameter of the vesicles was determined by DLS. As
shown in Figure 4.11 b, the vesicle size distribution did not significantly change after one
day storage under four of the five tested conditions, including shock freezing in liquid
nitrogen after addition of 10 % DMSO and storage at -80 ◦ C. Shock freezing in the absence
of DMSO resulted in broadening of the size distribution. DLS results of the single batches
did not significantly change after 2, 4 and 8 weeks storage (data not shown). The integrity
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Figure 4.11: Cell-derived vesicle characterization. a) Dose-response curve of fresh cellderived vesicles depending on verapamil concentration. Addition of more verapamil
results in a higher increase of fluorescence, due to the less efficient efflux of calcein AM.
b) Size distribution of the vesicles after extrusion and after freezing and thawing at 37
◦
C (preparations 1-5, for conditions see Table 4.4) measured by dynamic light scattering
after 1 day. c) The fluorescence increase of calcein depends on the amount of added ATP
(squares). If P-gp or the esterases are non-functional after freezing and thawing or the
vesicles are ruptured, the ATP dependency of the fluorescent increase (i.e. the calcein AM
transport) is partially or fully lost. This is shown for lysed vesicles (circles). d) Comparison of the different preparations after various storage times. The vesicles are evaluated by
means of the ATP-dependent calcein AM transport depicted in c). The data from c) was
fitted with Equation 4.11 to extract v’ (blue arrow) for all preparation conditions, which
equals the remaining fluorescence increase at an infinite ATP concentration. Fully functional vesicles have a value of 0 and deviations indicate deterioration. Dashed lines show
the standard deviation of freshly prepared vesicles. Colors refer to the same preparations
as in Figure 4.11 b.
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of the vesicles and activity of P-gp and esterases were tested with the calcein AM assay
and compared to the results shown in Figure 4.11 c for the fresh vesicles and for lysed
vesicles. The value of v’ was 0 for the freshly prepared vesicles (Equation 4.11), i.e. there
was no fluorescence increase at high (infinite) ATP concentration. If the vesicles were
lysed, the fluorescence increase was independent of the concentration of added ATP and
after normalization v’ was approximately 1. Therefore, a value close to 0 for v’ reflects a
good freezing protocol with low loss in P-gp activity. Figure 4.11 d shows the fitted values
for v’ for all the preparations tested. Interestingly, preparations 2 and 5 lacking DMSO as
cryoprotectant showed negative v’ values. This may indicate that the vesicles are leaky
and ATP can freely diffuse over the membrane, i.e. a lower concentration of ATP results
in a higher transport rate. Preparations including DMSO (1, 3 and 4) were less affected
by the freezing. For the following experiments, freezing in liquid nitrogen with added 10
% DMSO and subsequent storage at -20 ◦ C (preparation 4) was used, since this procedure
best preserved the P-gp activity.
Preparation

Freezing method

Storage temperature

Additive

1
2
3
4
5

Liquid nitrogen
Liquid nitrogen
1 ◦ C / min
Liquid nitrogen
-

- 80 ◦ C
- 80 ◦ C
- 80 ◦ C
- 20 ◦ C
- 20 ◦ C

10 % DMSO
10 % DMSO
10 % DMSO
-

Table 4.4: Conditions for vesicle storage. For more information, please refer to text.

Validation of the microfluidic calcein AM assay
The cell-derived vesicles were immobilized by adsorbed biotinylated BSA, an avidin
linker and a cholesterol-PEG-biotin moiety, which tethers the vesicles without disturbing the domain of the membrane facing towards the fluid [196, 216]. Next, all valves of
the device were closed and the test solutions were added to the respective fluidic channels. In the current microchip design, up to 4 different solutions can be introduced and
measured at the same time (Figure 4.12 a). In the experiments performed, 3 inlets for the
introduction of test solutions (different drugs or different concentrations) were used, and
one was used for the introduction of the internal standard (here 2 µM calcein AM in the
absence of both drug and ATP). The standard gives the maximum fluorescence increase
and was used for normalization of the signals.
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Figure 4.12: On-chip measurements. a) Fluorescent micrograph of the microfluidic channel at the measurement region (white square). The four inlets are filled with fluorescein
of different concentrations for visualization of the laminar flow regime. b) ATP dependence of the P-gp transport. Calcein AM can permeate at low ATP concentrations (high
fluorescence increase) and its permeation is hindered by P-gp at high ATP concentrations
(Compare to Figure 4.11 c for suspended vesicles). In contrast to Figure 4.11 c, the concentration of ATP is here constant due to the laminar flow regime. c) Raw data traces
obtained after supply of calcein AM solution with and without ATP and addition of the
P-gp substrate verapamil at different concentrations. d) Flow rate dependency of the fluorescence increase in the vesicles for three conditions. Linear fits are shown as red lines.
Figure 4.12 c shows the raw data traces for an experiment with two different concentrations (25 and 50 µM) of verapamil at 1 mM ATP. With no verapamil present, no increase
in fluorescence was observed. Addition of verapamil resulted in increasing fluorescence
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intensity over time, depending on the concentration. For further data analysis, the linearly fitted slopes were normalized to the internal standard that contained neither drug
nor ATP (Equation 4.13), and showed the maximum increase in fluorescence due to nonhindered permeation of calcein AM. Several controls were performed to assure the data
quality and assay conditions. To optimize the ATP concentration, the influence of the
added ATP concentration on the amount of permeating calcein AM was investigated (Figure 4.12 b). Formation of calcein was inversely correlated to ATP concentration, showing
that also on-chip P-gp transport was controlling the kinetics of calcein accumulation. For
all further microchip experiments, a concentration of 1 mM ATP was chosen. Next, the
spontaneous, enzyme-independent hydrolysis rate of the calcein AM ester in buffer with
and without added drug was tested. At 60 minutes after the preparation of the calcein
AM solution, 0.8 % of the ester was hydrolyzed, independent of the absence or presence
of drug. Therefore, it was assumed that enzyme-independent hydrolysis is negligible for
the microchip experiments. Additionally, the influence of the flow rate on the signal increase was evaluted. According to Glaser [278], who modeled the binding kinetics of a
ligand to an immobilized antibody inside a flow channel, the relationship between flow
rate and signal should be linear in a mass-transfer limited system. Indeed, the fluorescence increase was dependent on the flow rate (Figure 4.12 d), and therefore a constant
flow rate of 1.5 µL/min was used in all experiments. Lastly, the influence of DMSO on
the test system was investiaged. DMSO is known to enhance the permeation of solutes
across the cellular membrane [279]. Permeation rates of calcein AM were enhanced at
higher concentrations of DMSO (see Figure 4.13 b). Therefore, a concentration of 0.5 %
(v/v) DMSO was held constant in all subsequent microfluidic assays.

Determination of drug- P-gp interactions with the microfluidic assay
After the control experiments were performed, 9 different substrates/inhibitors of P-gp
were assayed at various concentrations in the microfluidic calcein AM assay. Each measurement was performed three times (Figure 4.14).
As expected, every substrate or inhibitor tested showed an increased fluorescence at
higher concentrations. For stronger inhibitors such as cyclosporine A and elacridar, full
inhibition was observed at higher concentrations (for values, please refer to 4.5), as well
as a strong inhibition of P-gp at lower concentrations. When comparing these strong inhibitors with weaker inhibitors such as verapamil or ritonavir, a difference is seen in the
profile. Even at the highest concentrations (50 µM) weaker inhibitors were not able to
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Figure 4.13: Micrograph of the chip and DMSO control. a) Micrograph of the microfluidic channel system. For visualization, the four inlets were filled with different food dyes,
whereas the valves on top are filled with water. b) Influence of DMSO on the permeation
rate of calcein AM. To test the influence of DMSO, calcein AM solutions were flushed
with added DMSO and the fluorescence increase was monitored over time. Permeation
was dependent on the DMSO concentration. Therefore, a constant DMSO concentration
of 0.5 % vol/vol was used in all on-chip.
fully inhibit P-gp. P-gp substrates such as propranolol or ergotamine showed even less
inhibition at the highest concentration, but still a significantly different profile than the
negative control. As a negative control geneticin was assayed, a hydrophilic basic compound, which shows no interaction with P-gp [280]. Indeed, very low increases in calcein
fluorescence were found when introducing this substance to the vesicles, presumably resulting from the added DMSO.
From these data sets, the apparent dissociation constants K (Equation 4.11 was derived,
curves and fits are shown in Figure 4.14). The results are shown in Table 4.6.

Determination of drug- P-gp interactions with the ATPase assay

In parallel to the microfluidic approach,an ATPase assay was performed for comparison.
It makes use of the ATPase activity of P-gp [281] that is altered in the presence of drugs
interacting with P-gp. In the assay, generated ADP is converted back to ATP in an enzymatic cascade, leading to the conversion of fluorescent NADH to non-fluorescent NAD+
[125]. NADH oxidation therefore reflects ATPase activity, which in turn correlates to the
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Drug

Cyclosporine A
Elacridar
Ergotamine
Erythromycin
Loperamide
Propranolol
Quinidine
Reserpine
Ritonavir
Verapamil
Negative control
Geneticin (G 418)

On-chip
MDCKII-MDR1 cell derived vesicles
5 µM

25 µM

50 µM

0.77 ± 0.09
0.85 ± 0.11
n.d.
n.d.
0.33 ± 0.11
n.d.
0.17 ± 0.08
0.23 ± 0.09
0.21 ± 0.01
0.11 ± 0.05

0.99 ± 0.01
1.01 ± 0.11
0.18 ± 0.03
0.19 ± 0.07
0.71 ± 0.15
0.04 ± 0.01
0.35 ± 0.06
0.39 ± 0.06
0.41 ± 0.05
0.22 ± 0.01

1.01 ± 0.02
0.94 ± 0.03
0.37 ± 0.06
0.47 ± 0.06
0.92 ± 0.02
0.05 ± 0.01
0.82 ± 0.03
0.88 ± 0.04
0.80 ± 0.05
0.48 ± 0.01

n.d.

0.02 ± 0.01

0.02 ± 0.01

Table 4.5: Measured relative on-chip fluorescence increase rates. For more information,
please refer to text.
n.d.: not determined.

transport function.
The measured profile strongly depended on the test substrate (Figure 4.15). Some substrates and inhibitors enhanced ATP hydrolysis (such as quinidine and elacridar), some
showed a bell-shaped profile (ergotamine and verapamil), and other drugs showed a
decrease in ATPase activity compared to the basal activity (such as cyclosporine A, loperamide, reserpine, erythromycin and ritonavir). These findings are consistent with existing literature [125, 282]. Decreased activity may result from strong binding of the drug
to the P-gp in the raft, resulting in an inhibition of the basal ATPase activity, and/or an
inefficient transport of the drug through P-gp. The observation of bell-shaped curves
with inhibition at higher concentrations may result from the accumulation of the drug
inside the lipid bilayer of the rafts, thereby disrupting the lipid order and inhibiting the
functionality of the protein. As negative control, again geneticin was used, a drug which
does not interact with P-gp [280]. As expected, the activity-concentration profile shows a
flat line, meaning that ATP hydrolysis was not altered at any of the tested concentrations.
The resulting data was fitted with Equation 2 and the results are shown in Table 4.6.
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Figure 4.14: On-chip fluorescence increase rates. Measured normalized fluorescence increases for the ten tested substrates and the negative control genecitin. The data was fitted
with Equation 4.11 to get the corresponding K value. Fits are shown in red.
Comparisons between FDA, ATPase and on-chip data

Next, the results from the ATPase assay were compared with the fitted on-chip dissociation constants (4.6). Figure 4.16 shows the good linear correlation between K values
determined by the microfluidic on-chip approach and obtained with the ATPase assay in
the plate reader (Equation 4.15). The absolute values of K differed by a factor of 20 that
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Source
Test system

FDA data
Cells

ATPase assay
Rafts

On-chip
Cell-derived vesicles

K
µM

K
µM

K
µM

Cyclosporine A
Elacridar
Ergotamine
Erythromycin
Loperamide
Propranolol
Quinidine
Reserpine
Ritonavir
Verapamil

2.2
0.4
n.a.
n.a.
n.a.
n.a.
8.6
11.5
n.a.
15

0.061 ± 0.029
0.021 ± 0.004
5.89 ± 0.77
3.64 ± 2.50
0.72 ± 0.22
24.14 ± 12.81
0.89 ± 0.56
1.47 ± 0.50
1.08 ± 0.65
3.71 ± 1.95

1.61 ± 0.18
0.42 ± 0.25
116.13 ± 36.20
75.88 ± 32.39
6.72 ± 2.13
1576 ± 1110
19.78 ± 7.58
17.15 ± 7.82
23.36 ± 4.66
68.54 ± 9.81

Negative control
Geneticin (G 418)

n.a.

n.f.

n.f.

Table 4.6: K values comparison. K values from the FDA, measured with the ATPase assay
and on-chip. All test were perfomed using the MDCKII-MDR1 cell line.
n.a.: not available, n.f.: not fittable.

will be discussed below.
log(Kon−chip ) = A ∗ log(KAT P ase assay ) + C

(4.15)

Furthermore, the extracted dissociation constants of the microfluidic approach and the
ATPase assay show the same general trend of the dissociation constants as the data available by the FDA [283], underlining the reliability of both methods (see Table 4.6, R2 = 0.93
for on-chip, R2 = 0.95 for ATPase assay).

Fast assessment of dissociation constants

The on-chip system may be suited for high throughput determination of drug and drug
candidate- P-gp dissociation constants. As shown in Figure 4.16, a good correlation was
found between the results of the on-chip and ATPase assay. Comparing the normalized
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Figure 4.15: Data from the ATPase assay. Measured vapp /vbas values for the ten tested
substrates and the negative control genecitin. The data was fitted with Equation 4.11 to
get the corresponding K value, and fits are shown in red. Data points that were rejected
from fitting are shown in hollow squares, and included data are shown in black.

fitted slopes (vapp ) at a defined concentration of the test compounds versus the dissocation
constant of the ATPase assay in a semi-log plot followed a dose-response like behavior
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Figure 4.16: Correlation between K values measured by ATPase assay and fitted values
from the on-chip rates. The relation follows a linear trend (slope: 1.08 ± 0.08, R2 = 0.95).
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Figure 4.17: Fast dissocation constant assessment for doxorubicin. Included is the fit
with Equation 4.11 revealing a dissociation constant of 14.40 ± 5.64 µM. c) Fits from Figure
4.18, with measured values for doxorubicin and extrapolated dissociation constant ranges
(mean value for K 0.73 ± 0.35 µM). For more information, please refer to the main text.
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for all three tested concentrations (Figure 4.17). As expected from the correlation in Figure 4.16, the half maximal slope on-chip (meaning the indicated concentration on-chip
would equal the measured dissocation constant on-chip) corresponded to the dissocation
constant of the ATPase assay at 20-fold lower concentration than on-chip. The fitting
parameters of the dose-response curves are shown in Table 4.7.
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Figure 4.18: Correlation between K values measured by ATPase assay and on-chip
rates. Measured on-chip rates of calcein fluorescence correlated with the fitted K values from the ATPase assay. A dose response like behavior of the system was obtained at
all three tested concentrations. For decreasing drug concentrations, the curves are shifted
towards lower K values.

To demonstrate the use of the system, a model compound, doxorubicin, was tested at
three different concentrations (5, 25 and 50 µM) to determine the dissociation constant of
the doxorubicin- P-gp interaction. First, the on-chip slopes were fitted with Equation 4.11
(Figure 4.17 a). This revealed a K value of 14.40 ± 5.64 µM. Next, the offline calibration
from the ATPase assay was used for the determination of K (Figure 4.18 and fit parameters
in Table 4.7). A good agreement between the calculated K values was found for all three
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Center
LOGx0
50 µM
25 µM
5 µM

cdrug /K

Hill slope
p

0.537 ± 0.018 -1.639 ± 0.125
0.067 ± 0.050 -1.288 ± 0.110
-0.674 ± 0.063 -0.861 ± 0.076

Half-maximal effective K
K50 µM
3.43 ± 0.14
1.17 ± 0,14
0.21 ± 0.03

Center
LOGx0

Hill slope
p

Half-maximal effective K
cdrug /K50

0.052 ± 0.040

1.078 ± 0.112

1.12 ± 0.10

Table 4.7: Parameters from fitting. Data was fitted with a dose-response like Equation
4.14, best fit parameters are shown here. For the curves, please refer to Figure 4.18.
different concentrations (Figure 4.17 b, 0.76 ± 0.31 µM, 0.35 ± 0.01 µM and 1.10 ± 0.04
µM for 50, 25 and 5 µM respectively). The mean dissociation constant of the doxorubicinP-gp interaction estimated for the ATPase assay according to the correlations in Figure
4.17 b was 0.73 ± 0.35 µM. The advantage of using the ATPase assay for calibration is that
a single point determination at a specific concentration is enough to estimate the K value,
therefore allowing much higher throughput.
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4.3.4 Discussion
In the assay, the use of immobilized P-glycoprotein overexpressing cell-derived vesicles is
combined with microfluidics. By using cytochalasin B for the production of cell-derived
vesicles, only vesicles from the plasma membrane are formed, with a high proportion
of P-gp in the vesicles. Competing processes involving transporter proteins present in
other cell compartments are reduced, so that a high and specific drug- P-gp interaction
is obtained. Furthermore, the vesicles contain cytoplasmatic esterases [179], which are
required in the assay presented here. The use of vesicles instead of cells offers several advantages. Vesicles can be produced and stored over longer time periods, retaining their
functionality. The monitoring of cell health during the experiment is not required, this
is of particular interest when testing cytotoxic compounds. Furthermore, in combination
with the microfluidic platform, only small amounts of test compound (10-15 µL in µM
concentrations) and vesicle solution are needed. Small sample volumes and the possibility to store the cell-derived vesicles makes it possible to produce a large batch of vesicles
once and use it for many experiments, therefore reducing heterogeneities that could occur during cultivation of cells. In contrast to plate reader formats, it is not required to
determine the actual concentration of the vesicles, as long as the surface of the device is
fully covered by vesicles. Heterogeneity in the vesicle size, P-gp density, or concentration
of the esterases are also not influencing the results as the observation area covers many
(ca. 50’000) immobilized vesicles and the fluorescence intensities are therefore averages.
A simple, low-cost microfluidic device made of PDMS was used in this study. Because
of this, absorption or diffusion of the typically lipophilic substances into the PDMS have
to be considered [284]. To minimize this effect, short transport channels from the inlet to
the actual observation position were used, and the diffusion of molecules from the central
channel towards the walls is negligible within the short residence time of the substances
(300 ms at low flow rates of 1.5 µL/min). Additionally, the fluorescence is only measured
slightly above the channels glass bottom, where no absorption is expected. Therefore, the
concentration of the drug can be considered constant and equal to the supplied concentration. For more routine applications, PDMS can easily be exchanged with a material that is
less absorbent, such as glass. The use of the system has been successfully demonstrated
by correlating the fitted on-chip K values with an ATPase assay and values given by
the FDA. While always good correlations and matching trends were found in this study,
the absolute values of the dissociation constants differ for each method. These variances
must be caused by the different experimental conditions. For example, the FDA measurements were performed with cell monolayers, the ATPase assay used lipid rafts and the
microfluidic device relied on cell-derived vesicles. The deviation from cell-derived vesicles to cells is minor (factor 2), and could be assigned to the difference in fluid handling,
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different parameters in the assay, and/or interferences with cellular processes that do not
occur in the vesicles. The highest deviation was found when comparing the two cell-like
systems with the lipid rafts (ATPase assay). Here, other factors could come into play such
as the different lipid environment that would influence the partitioning of the drugs and
therefore the concentration present at the transporter.
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Figure 4.19: Tranport activtiy versus the ration of drug concentration over K. Transport
activity of P-gp obtained on chip (i.e. the normalized rate of fluorescence increase, vapp .)
versus the ratio of drug concentration to the fitted on-chip dissociation constant, K. Large
ratios indicate an inhibitor-like effect of the drug and smaller ratios indicate that the drug
is classified as a substrate. Very small ratios lead to classification as non-substrates.

Compounds interacting with P-gp are frequently classified as substrates, modulators or
inhibitors. However, the differentiation between these classifications is not clearly defined and not used consistently. Several compounds such as verapamil or loperamide
with low dissociation constants are often classified as substrates and inhibitors. In these
cases, both the K and the concentration of the drug must be considered for evaluation of

170

4.3 Microfluidic studies of P-glycoprotein

the effect. Figure 4.19 depicts a graph showing the transport activity of P-gp (i.e. vapp )
versus the quotient [drug]/K for all tested compounds and concentrations. Since they
all follow Michaelis-Menten behavior, the appearance of the curve is the logical consequence of a saturation experiment. As can be seen, the remaining transport activity of
P-gp is independent of the compound, but dependent on the ratio of the administered
concentration to the dissociation constant. If [drug]/K >> 1, the compound is inhibiting P-gp, meaning that there is only small amounts of free P-gp available (i.e. P-gp is
mainly bound to the inhibiting compound). As a result of this, a P-gp substrate turns to
an inhibitor, where it completely occupies the protein (if supplied in high enough concentrations). The drug can be classified as a substrate if the tested drug concentration is
simular to the dissociation constant ([drug]/K ≈ 1). Furthermore, if [drug]/K << 1, the
drug would be classified as a non-substrate, even if there would be an interaction with
P-gp observable at higher concentrations. The data shows the importance of the concentration used in the assays, and may help to explain why different drug compounds are
classified as inhibitors, substrates, and/or non-substrates by different assays performed
by different groups .
The method enables fast evaluation of the interaction of a potential drug molecule with
the transport protein P-gp and the here presented assay is, in theory, compatible with
high-throughput measurements. An excellent screening window factor (Z’-factor) of 0.8
can be calculated for the on-chip assay [285]. To further support this hypothesis, an experiment with another substrate, doxorubicin, was performed. The whole on-chip measurements took 15 minutes (four triplicates each) and used up 50 µL of each dilution,
demonstrating the rapidness and economic value of the system. After calibration with
the ATPase measurements, a single on-chip determination can be enough for rapid, but
less accurate, assessment of K. Therefore it would be possible to test up to three different substances at once, decreasing the measurement time to 5 minutes and increasing the
throughput. In future, the device design could be modified with a microfluidic concentration gradient generator [286] to generate many different drug concentrations in parallel
and hence, obtain more data points for the dose-response curve.
In conclusion, a rapid and economic method for investigations of drug- P-gp interactions
was introduced. The determination of K values for various compounds was possible
by using the microfluidic system. The results were in good agreement with an off-chip
method (ATPase assay) as well as with FDA data. The method allows to predict the type
of P-gp interaction of test compounds.
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4.4 Outlook
In this chapter, two successful examples using immobilized vesicles inside microfluidic
channels were shown. In the studies presented here, artificial liposomes as well as cellderived vesicles were used.
In the first study, immobilized artificial liposomes were used to determine the apparent
permeation coefficient of basic drug-like molecules. The developed system mimics the
permeation of a moiety at a pH present in the intestine, and it would be interesting to see
whether it could also be used for the prediction of absorption, at least when no protein
interactions are present. With slight alterations, the same setup could also be used for the
analysis of the permeation kinetics of acidic moieties. Of further interest would also be
the development of a system at neutral pH, so that investigations of the distribution from
the blood stream into the body compartments are possible. All together, the suggested
advancement would help to better understand the whole ADME process, could lead to
new insights and to a straighter drug development process.
In the second study, cell-derived vesicles produced from a P-glycoprotein overexpressing
cell line were used for the fast assessment of apparent drug- transporter dissociation constants. Here, further advancements could be the introduction of a microfluidic gradient
mixer, so that more points along the dose-response curve can be measured simultaneously. Such a feature would result in more robust fitting, and therefore improve data
quality. Furthermore, vesicles derived form other transporter overexpressing cell lines
could be used for the determination of their respective drug- transporter interaction, all
under the premise that a fluorescent substrate is available.
In conclusion, the combination of immobilized vesicles inside microfluidic channels can
be used for many different studies, such as to study drug release rates of differently composed vesicles, the detection of drugs/toxins in complex matrices or to study binding
events at a receptor. The potential is manifold, and basically all assays possible using
lipid vesicles in bulk can profit from the immobilization and the selectivity of the TIRF
signal.
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In this thesis, several new microfluidic devices were developed and feasibility studies
were conducted by using these analytical microfluidic approaches. The thesis is structured into three main projects, each of which can be further developed into different
research projects. In the next following, a short summary of further advances and optimizations are given for each of these projects separately.
Different platforms for the versatile analysis of single cells were presented. These platforms can be used for various assays and analytes that are present either in the cytoplasm
or in the cell environment. Furthermore, the developed device and protocol enables to
perform more complex assays including immunoassays based on surface-immobilized
antibodies. With slight modifications, it should also be possible to perform polymerase
chain reactions (PCR) in the device to detect DNA, RNA or microRNAs of single cells.
Further possibilities would be the study of the secretome of different cells or the quantification of membrane proteins, in both cases by using fluorophore or enzyme-linked
antibodies. A technical advancement of the platform would be the parallelization and
automatization of the device, both enabling higher throughput. When analyzing single
cells, the number of cells is very important for useful statistics and significant conclusions. The reasonable minimal number of cells is under debate, but in literature normally
between tens to hundreds of cells are analyzed. A further advancement of the single-cell
platform would be solved by the implementation of mass spectrometry. The coupling of
mass spectrometry and the microfluidic device could be beneficial for many studies, such
as the detection of the differences of the metabolome of single cells. Further, the implementation of a different lysis method would increase the versatility of possible assays.
Since the current chip is designed for the analysis of single mammalian cells, one can
also imagine a similar microfluidic device that is able to analyze intracellular contents of
bacteria and yeast, or other model organisms. In conclusion, the developed microfluidic
platform can be used for the detection of many different species of various locations, and
therefore it is especially also valuable for research scientists without strong microfluidic
expertise since they do not need to install many different platforms in their lab.
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In the second chapter of this thesis, a microfluidic approach was used to detect neutralizing antibodies against luteinizing hormone in pooled serum. Here, the next step in the
advancement should be the application of actual clinical samples followed by the comparison with a standard technique. So far, only standardized solutions were used for testing and the used serum contained the pooled serum of several postmenopausal women.
The use of actual clinical samples will also show whether the sensitivity of the developed
system is high enough. Furthermore, the use of actual patient samples will introduce
much more heterogeneity that might influence the assay outcome significantly. Firstly, endogenous LH blood levels will vary from patient to patient, and even for premenopausal
women from the cycle phase. This endogenously expressed LH could be problematic
for the developed system, since it increases the signal intensity. Consequently, also the
residual amount of administered LH has to be carefully considered since such residual
amounts could increase the intensity of the signal, and therefore mask lower concentrations and/or low-affinity binders with low capacity. Furthermore, multi-morbidity could
also interfere with the devices’ performance due to the presence of other pharmaceuticals. Since the trigger for bioluminescence generation is rather unspecific, i.e. an increase
in the intravesicular calcium concentration, the activation via other pathways is highly
probable. On the other hand, the non-specificity of the final signal trigger Ca2+ influx
is also advantageous, since the influx can be triggered by other pathways and hence, by
other drugs. Therefore, the developed system can also be used for the detection of neutralizing antibodies against other antigens, as long as the receptor of interest and clytin
can be transfected into adherent cells. The flexibility of the system allows exchanging the
cell-derived vesicles with vesicles expressing a receptor of interest, as long as a change in
intravesicular calcium concentration is resulting.
In the last chapter, two further examples using immobilized vesicles inside microfluidic
channels were shown. In the first study, immobilized artificial liposomes were used to determine the apparent permeation coefficient of basic drug-like molecules. Here, it would
be interesting to see whether the developed platform could also be used for the prediction
of absorption, at least when no protein interactions are present. Further advances could
be made for the range of analyzable substances by the inclusion of acidic compounds.
Of further interest would also be the development of a system at neutral pH. In the second study, cell-derived vesicles produced from a P-glycoprotein overexpressing cell line
were used for the fast assessment of apparent drug- transporter dissociation constants.
Here, further advancements could be the introduction of a microfluidic gradient mixer
to increase reliability of the fitting and data quality. Furthermore, vesicles derived from
other transporter overexpressing cell lines could be used for the determination of their respective drug- transporter interaction, all under the premise that a fluorescent substrate
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is available. The approach is also not limited on the analysis of membrane transporters.
Also intracellular enzymes could be of interest, and the system can be used to study and
find new enzymatic inhibitors, as long as a change in intravesicular fluorescence can be
monitored.
In conclusion, the here-developed platforms have a great potential to address new questions in basic research in the field of single cell and membrane analysis. In particular
the combination of immobilized vesicles and simple channel structures proved to be very
valuable in many applications such as to study drug release rates of differently composed
vesicles, the detection of drugs/toxins in complex matrices or to study binding events at
a receptor. The potential is manifold, and basically all assays possible using lipid vesicles in bulk can profit from the immobilization and the selectivity of the TIRF signal.
The microfluidic platforms and methods are easy to use, require small amounts of sample, provide very sensitive measurements in short time and therefore they are perfectly
suited for routine applications.
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6.1 Materials and Suppliers

Reagent

Supplier

1H,1H,2H,2H-perfluorodecyl-dimethylchloro-silane
ABCR
2-(4-(2-Hydroxyethyl)piperazin-1-yl)ethanesulfonic acid (HEPES) Sigma-Aldrich
4-methylumbelliferone
Sigma-Aldrich
8-Hydroxy-1,3,6-pyrenetrisulfonic acid trisodium salt (HPTS)
Acros Organics
Accutase
Sigma Aldrich
Adenosine 3,5-cyclic monophosphate (cAMP)
Sigma-Aldrich
Adenosine triphosphate (ATP)
Sigma-Aldrich
Amplex Red
Invitrogen
Anti-cAMP polyclonal IgG, O. cuniculus
Genscript
Anti-GAPDH monoclonal IgG, M. musculus
Genscript
Anti-GAPDH HRP coupled polyclonal IgG, C. aegagrus hircus
Genscript
Anti-GFP polyclonal IgG, O. cuniculus
Genscript
Avidin, G. gallus
AppliChem
AZ-9260
Microchemicals
AZ-400K developer
Microchemicals
Biotin-PEG-cholesterol (Mw 2000 Da)
Nanocs
Biotinylated bovien serum albumine, B. taurus
Sigma-Aldrich
Biotinylated protein G, S. aureus
Sigma-Aldrich
Blasticidin HCl
Invitrogen
Bovine serum albumine, B. taurus
Sigma-Aldrich
Calcein sodium salt
Fisher Chemicals
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Calcein AM
Camptothecin, (S)-(+)
Cell dissociation buffer
Ciclosporine A
Coelenterazine hcp
Coomassie Brilliant Blue G-250
Cytochalasin b
Diaphorase, C. kluyveri
Dimethlyformamid
Dimethylsulfoxide
Dipyridamole
Dithiothreitol
Dulbeccos modified Eagle medium (DMEM)
Dulbeccos modified Eagle medium F-12 (DMEM/F12)
eGFP, E. coli
Elacridar
Ergotamine tartrate
Erythromycin
Ethylenediaminetetraacetic acid (EDTA)
Fetal bovine serum (dialyzed)
Fetal calf serum
Fluorescein free acid
GAPDH, O. cuniculus
Geneticin sulfate (G418)
Glucose 6-phosphate disodium salt hydrate
Glutamax 100x
Hanks buffer salt solution (HBSS)
Hexamethyldisilazane
Human serum pooled, female, pre-menopausal SF-123-H
Hydrochloric acid 37%
Hydrogen chloride 1 M
Hydrogen peroxide 30%
Hygromycin
Lactate dehydrogenase (LD), O. cuniculus
LH (lutropin), fully human,C. griseus
LHB monoclonal antibody clone L1, M. musculus
Lissamine rhodamine b sulfonyl chloride
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Invitrogen
Sigma-Aldrich
Invitrogen
Sigma-Aldrich
Sigma-Aldrich
BIORAD
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
ABCR
Invitrogen
Invitrogen
Biovision
Sigma-Aldrich
Sigma-Aldrich
Fluka
Fluka
PAA laboratories
Invitrogen
Sigma-Aldrich
Sigma-Aldrich
Invitrogen
Sigma-Aldrich
Invitrogen
Invitrogen
MERCK
Sera lab. Int.
Fluka
MERCK
MERCK
MERCK
Sigma-Aldrich
Merck Serono
Abnova
Invitrogen

6.1 Materials and Suppliers

Loperamide HCl
Luminol
Magnesium chloride hexahydrate
NADH (reduced form)
NADP (oxidized form)
NADPH (reduced form)
Non-essential amino acids 100x
Pen/Strep 100x
Peroxidase, A. rusticana
Phosphate buffered saline (PBS)
Phosphoenolpyruvate (PEP)
Poly(dimethylsiloxane) (Sylgard 184)
Potassium chloride
Propidium iodide
Propranolol HCl
Puromycin
Pyruvate kinase (PK), O. cuniculus
Quinidine HCl
Resazurin sodium salt
Reserpin HCl
Resorufin
Ritonavir HCl
Roswell Park Memorial Institute (RPMI) 1640
Sodium carbonate anhydrous
Streptavidin-Texas Red, S. avidinii
SU-8 2015
SU-8 developer
Sucrose
Tetracycline hydrochloride
Titanium dioxide Micropowder
Titanium dioxide Nanopowder
Tris(hydroxymethyl)aminomethane (TRIS)
Triton X-100
Trypsin-EDTA 0.05 %
Tween 20
Verapamil HCl
Zeocin

Sigma-Aldrich
TCI
Sigma-Aldrich
Sigma-Aldrich
Acros Organics
Sigma-Aldrich
Invitrogen
Invitrogen
Sigma-Aldrich
Invitrogen
AppliChem
Dow Corning
Sigma-Aldrich
Invitrogen
Sigma-Aldrich
MERCK
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
ABCR
Sigma-Aldrich
Invitrogen
Sigma-Aldrich
Invitrogen
Microchem
Microchem
Fluka
Sigma-Aldrich
Fluka
Sigma-Aldrich
BIORAD
Fluka
Invitrogen
BIORAD
Sigma-Aldrich
Invitrogen
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Journal of Physiology, 447(5):735–743, 2004.
[218] J. D. Young, S.Y. M. Yao, J. M. Baldwin, C. E. Cass, and S. A. Baldwin. The human
concentrative and equilibrative nucleoside transporter families, SLC28 and SLC29.
Molecular Aspects of Medicine, 34(2-3):529–547, 2013.
[219] J. Cooper, S. J. Hill, and S. P. Alexander. An endogenous A2B adenosine receptor
coupled to cyclic AMP generation in human embryonic kidney (HEK 293) cells.
British Journal of Pharmacology, 122(3):546–550, 1997.
[220] Z. Gao, T. Chen, M. J. Weber, and J. Linden. A2B adenosine and P2Y2 receptors
stimulate mitogen-activated protein kinase in human embryonic kidney-293 cells
cross-talk between cyclic AMP and protein kinase C pathways. The Journal of Biological Chemistry, 274(9):5972–5980, 1999.
[221] W.-C. Sun, Y. Cao, L. Jin, L.-Z. Wang, F. Meng, and X.-Z. Zhu. Modulating effect of
adenosine deaminase on function of adenosine A1 receptors. Acta Pharmacologica
Sinica, 26(2):160–165, 2005.
[222] J. L. Ward, A. Sherali, Z. P. Mo, and C. M. Tse. Kinetic and pharmacological properties of cloned human equilibrative nucleoside transporters, ENT1 and ENT2, stably
expressed in nucleoside transporter-deficient PK15 cells. Ent2 exhibits a low affinity for guanosine and cytidine but a high affinity for inosine. The Journal of Biological
Chemistry, 275(12):8375–8381, 2000.
[223] M. Zhou, H. Duan, K. Engel, L. Xia, and J. Wang. Adenosine transport by plasma
membrane monoamine transporter: reinvestigation and comparison with organic
cations. Drug metabolism and disposition, 38(10):1798–1805, 2010.
[224] M. Griffiths, N. Beaumont, S. Y. M. Yao, M. Sundaram, C. E. Boumah, A. Davies,
F. Y. P. Kwong, I. Coe, C. E. Cass, and J. D. Young. Cloning of a human nucleoside
transporter implicated in the cellular uptake of adenosine and chemotherapeutic
drugs. Nature Medicine, 3(1):89–93, 1997.

201

Bibliography

[225] F. Amato, G. M. Warnes, C. A. Kirby, and R. J. Norman. Infertility caused by HCG
autoantibody. The Journal of Clinical Endocrinology and Metabolism, 87(3):993–997,
2002.
[226] L. Di, P. Artursson, A. Avdeef, G. F. Ecker, B. Faller, H. Fischer, J. B. Houston,
M. Kansy, E. H. Kerns, S. D. Kraemer, H. Lennernas, and K. Sugano. Evidencebased approach to assess passive diffusion and carrier-mediated drug transport.
Drug Discovery Today, 17(15-16):905–912, 2012.
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Dr. S.D. Krämer, Supervision.
Entitled: A liposomal assay in development to elucidate structure-based rules for lipid
bilayer permeation and P-glycoprotein transport.
10/2005- 09/2008
Bachelor in Pharmaceutical Sciences, ETH Zurich, Switzerland.

Teaching and Supervision
09/2011- 12/2013
Master Thesis:
K. Root, Entitled: A Novel Approach Using Cell-derived Vesicles to Efficiently and
Sensitively Detect Neutralizing Antibodies in Female Serum.
Semester Thesis:
M. Herger, Entitled: Microfluidic Assessment of P-glycoprotein Substrate Efflux Kinetics
using Fluorescence Methods.
Master Thesis:
S. Stratz, Entitled: On Chip Enzyme Liked Immunosorbent Assay (ELISA) for single cell
analysis.
Master Thesis:
F. Schuler (Shared with P. Kuhn), Entitled: Development of a Microfluidic Platform for
the Measurement of Membrane Permeation Rates.

214

03/2011-06/2012
Teaching assistant, practical courses for analytical chemistry:
4th Semester chemistry students (infrared spectroscopy) under the supervision of Dr. M.
Badertscher.
03/2007-08/2009
Teaching assistant, for systematic botany:
Responsible for the education of 10-13 students on field trips under the supervision of
Prof. Dr. M. Baltisberger.

Awards and Grants
11/2012
µTAS 2012, Okinawa, Widmer Young Researcher Poster Prize Winner.
Entitled: Single cell ELISA.
06/2012
Swiss Chemical Society Travel Grant.
Entitled: A microfluidic platform for single cell ELISA. Biosensors Gordon Research
Conference, Salve Regina, USA.
05/2011
Microtechnologies in Medicine and Biology, Best Poster Presentation.
Entitled: Membrane Permeation Kinetics of Europium Complexing Drugs Studied on a
Microfluidic Chip.
10/2010
ETH Zurich Medal.
Master thesis awarded with the ETH medal for extraordinary achievements.
Entitled: A liposomal assay in development to elucidate structure-based rules for lipid
bilayer permeation and P-glycoprotein transport.

215

List of Publications

#

: These authors contributed equally to this work.
1. Eyer K., Herger M., Krämer S.D. and Dittrich P.S.
Cell-free microfluidic determination of P-glycoprotein interactions with
substrates and inhibitors. Submitted.
2. Robinson T., Verboket P.E., Eyer K., and Dittrich P.S.
Controllable electrofusion of lipid vesicles: initiation and analysis of reactions
within biomimetic containers. Submitted.
3. Kuhn P., Eyer K., Dittrich P.S.:
A microfluidic device for the delivery of enzymes into single cells by liposome
fusion. Submitted.
4. Eyer K., Root K, Robinson T., Dittrich P.S.:
A simple low-cost method to enhance luminescent and fluorescent signals in
PDMS-based microfluidics devices. Submitted.
5. Valtcheva N., Eyer K., Kurth F., Dittrich P.S., M. Detmar:
β-arrestin2 internalisation assay reveals activation of full length but not
truncated GPR97 by glucocorticoids. Submitted.
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Krämer S.D.:
A liposomal fluorescence assay to study permeation kinetics of drug-like
weak bases across the lipid bilayer, Journal of Controlled Release 173 (2014),
102-109.
9. Robinson T., Kuhn P., Eyer K., Dittrich P.S.:
Microfluidic trapping of giant unilamellar vesicles to study transport through
a membrane pore, Biomicrofluidics 7 (2013), 044105.
10. Eyer K., Stratz S., Kuhn P., Dittrich P.S.:
A microfluidic chip for versatile analysis of single cells, Journal of Visualized
Experiments (2013), e50618.
11. Purkayastha N., Eyer K., Robinson T., Dittrich P.S., Beck A.K., Kolesinska B.,
Cadalbert R., Seebach D.:
Enantiomeric- and Diasterioisomeric (Mixed) L/D-Octaarginine Derivatives A Simple Way of Modulating the Properties of Cell-Penetrating Peptides,
Chemistry and Biodiversity 10 (2013), 1165-1184.
12. Eyer K., Stratz S., Kuhn P., Küster S.K., Dittrich P.S.:
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