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ABSTRACT 
 

In this thesis, we aimed to leverage some of the unique hydrodynamic properties of fluidics to make 

fluorescence in situ hybridization (FISH) assays more efficient, and to elucidate the underlying physical 

mechanisms surrounding this important class of cytogenetic techniques. 

 

Hydrodynamic phenomena are ubiquitous in living organisms and can be used to manipulate cells or 

emulate physiological microenvironments experienced in vivo. Hydrodynamic effects influence multiple 

cellular properties and processes, including cell morphology, intracellular processes, cell-cell signalling 

cascades and reaction kinetics, and play an important role at the single-cell, multicellular and organ level. 

Selected hydrodynamic effects can also be leveraged to control mechanical stresses, analyte transport as 

well as local temperature within cellular microenvironments. With a better understanding of fluid me-

chanics at the micrometer length scale and the advent of microfluidic technologies, a new generation of 

microfluidic tools that provides control over cellular microenvironments or emulates physiological con-

ditions with exquisite accuracy for research and diagnostics is now emerging.  

 

FISH is a powerful cytogenetic technique and is used in research and diagnostics to detect cytosolic and 

nuclear nucleic acid targets at the single molecule level. Although FISH is a very specific technique it is 

not regularly used in diagnostics due to long assay times, expensive reagents (FISH probes) and the lack 

of trained personnel in diagnostic laboratories. To make FISH more pervasively used, the microfluidic 

community has developed tools and methods - µFISH implementations-  using ‘closed’ devices to solve 

some bottlenecks of FISH assays. These devices however are in direct physical contact with the cytolo-

gical sample or require cell immobilization within the microchannels, which is challenging. 

  

To tackle the problems of closed systems, in this thesis we designed and developed a non-contact micro-

fluidics-based FISH implementation for analysis of cells and solid tumor samples. Specifically, we have 

developed an ‘open-space’ µFISH implementation using a microfluidic scanning probe (MFP) techno-

logy. We used the MFP to shape nanoliter volumes of FISH probes hydrodynamically on cell monolayers 

and tissue sections to localized FISH reactions on selected cells with micrometer resolution. First, we 

demonstrated chromosomal enumeration in adherent cells using this method. By confining FISH probes 

at the tip of this microfabricated scanning probe, we locally exposed approximately 1000 selected MCF-

7 cells of a monolayer to perform incubation of probes, the rate-limiting step in conventional FISH. The 

continuous flow of probes on these selected cells resulted in a 120-fold reduction of the hybridization 

time compared with the standard protocol (3 min vs. 6 h) and efficient rinsing, thereby shortening the 

total FISH assay time for centromeric probes (CEP7 and CEP17). We further demonstrated spatially 

multiplexed µFISH, enabling the use of spectrally equivalent probes for detailed and real-time analysis 

of a cell monolayer. 
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Further, we developed methods and protocols for implementing the rapidity of µFISH-based detection 

of cytogenetic biomarkers in formalin-fixed paraffin embedded (FFPE) tissue sections to direct the con-

cept of micro-scale FISH towards a diagnostically relevant method.  

 

Using the MFP, we detected the human epidermal growth factor 2 (HER2) gene, an important breast 

cancer biomarker in tissue sections. We demonstrated the use of oligonucleotide FISH probes in ethylene 

carbonate-based buffer enabling rapid hybridization within < 1 min for chromosome enumeration and 

10-15 min for assessment of the HER2 status in FFPE sections. We further demonstrated recycling of 

FISH probes for multiple sequential tests using a defined volume of probes by forming hierarchical hy-

drodynamic flow confinements and inverting the flows. The presented protocols and methods are com-

patible with the standard FISH protocols reduce the FISH probe consumption ~100-fold and the hybri-

dization time 4-fold, resulting in an assay turnaround time of < 3 h, wheras a conventional FISH test in 

diagnostic laboratories takes > 24h. 

 

To investigate the biophysics of FISH assays, we further developed a novel method for real-time moni-

toring and kinetic analysis of FISH (RT-FISH). We designed a vertical microfluidic probe with micros-

tructures designed for rapid switching between the probe solution for FISH probe incubation and a non-

fluorescent imaging buffer for removing of the FISH hybridization mix from the cells. Individual FISH 

signals were monitored in real-time during the imaging buffer wash, while any signal associated with 

unbound probes were removed. We demonstrated the applicability of the method for characterization of 

FISH kinetics under conditions of varying probe concentration (Cen17), destabilizing agent (formamide) 

content, volume exclusion agent (dextran sulfate) content and ionic strength. This method can be used to 

investigate the effect of a multitude of variables affecting in situ hybridization.  

 

We believe the methods presented in this work may provide new insights and better understanding of in 

situ reaction processes and facilitate the design of new assays as well as more accurate theoretical or 

computational models describing in situ hybridization. A better understanding of the underlying biophy-

sical mechanism of FISH could further enable transitioning from empirical towards rational design of 

FISH assays. Further, by overcoming some of the key limitations of the FISH assay, micro-scale FISH 

may become a powerful strategy to make FISH more pervasively and used routinely in diagnostic labo-

ratories. 

  



Zusammenfassung 

iv 

 

ZUSAMMENFASSUNG 
 

Hydrodynamische Phänomene sind allgegenwärtig in lebenden Organismen und können in der 

Forschung dazu genutzt werden, physiologische Konditionen, wie sie in vivo vorkommen, zu imitieren. 

Hydrodynamische Effekte beeinflussen eine Vielfalt von zellulären Eigenschaften und Prozessen rei-

chend von Zellmorphologie, intrazellulären Prozessen, inter- und intrazelluläre Signaltransduktion bis 

hin zu der Reaktionskinetik. Somit spielen diese Effekte eine wichtige Rolle sowohl für einzelne, 

mehrere Zellen und auch ganze Organismen. Hydrodynamische Effekte können selektiv dazu genutzt 

werden, mechanischen Stress, Transport von Analyten oder auch die Temperatur der Mikroumgebung 

von Zellen zu beeinflussen. Dank eines besseren Verständnisses für Fluidmechanik im Mikrometer-

massstab und des Aufkommens mikrofluidischer Technologien, gedeiht nun eine neue Generation von 

mikrofluidischen Technologien für akurate Kontrolle über zelluläre Mikroumgebungen und die Rekapi-

tulation von physiologischen Umgebungen, welche die Forschung und Diagnostik entscheidend beein-

flussen kann. 

 

Fluoreszenz-in-situ-Hybridisierung (FISH) ist eine zytogenetische Methode zum Nachweis einzelner 

Nukleinsäuren auf molekularer Ebene im Zytosol oder Nukleus von Zellen. FISH wird sowohl in der 

Forschung als auch in diagnostischen Laboratorien verwendet. FISH ist zwar eine sehr spezifische 

Methode, aber dennoch wird sie nicht standardmässig in der Diagnostik genutzt. Zu den Hauptgründen 

zählen die lange Dauer des Assays über Stunden bis zu mehreren Tagen und der hohe Preis der Reagen-

zien (FISH Sonden). Um die FISH Methode etablierter zu machen, haben Forscher und Ingenieure im 

Bereich der Mikrofluidik neue Anwendungen und Methoden mithilfe ‘geschlossener’ Mikrofluidiksys-

temen entwickelt, die so genannten ‘µFISH’ Anwendungen. Diese wurden hauptsächlich dazu entwick-

elt, die Tests zu miniaturisieren. Allerdings ist das Einführen von Zellen und Gewebe in Mikrokanäle 

schwierig, da diese die Kanäle leicht verstopfen. Der physikalische Kontakt zwischen den Mikroflui-

diksystemen mit der zytologischen Probe kann ausserdem die zytologische Probe leicht beschädigen. 

 

In dieser Arbeit haben wir eine neue mikrofluidische FISH Anwendung ‘im offenen Raum’ entworfen 

und entwickelt und diese dazu genutzt, Zellen und solide Tumorproben zytogenetisch zu untersuchen. 

Dazu haben wir eine Mikrofluidiksonde (MFP) verwendet, mit welcher wir Nanolitermengen von FISH 

Sonden hydrodynamisch fokussierten und somit FISH Reaktionen in ausgewählten Regionen von zyto-

logischen Proben – Zell Monoschichten, Zellblöcke und fixierte solide Tumorproben– lokal im Mikro-

metermassstab durchführten. Diese Methode haben wir genutzt, um Chromosomen in Zell Monoschich-

ten zu untersuchen. Indem wird Zentromersonden hydrodynamisch fokussierten, führten wir den limitie-

renden Schritt eines Standard FISH Assays – die Hybridisierung – in ungefähr 1000 ausgewählten Zellen 

einer MCF-7 Zell Monoschicht durch. Im Vergleich zum Standard Assay verkürzten wir die Zeit der 

Hybridisierung mit der Mikrofluidiksonde um den Faktor 120 (3 min vs. 6 h), durch den konvektiven 

Transport von FISH Zentromersonden (CEP7 and CEP17) während des Hybridisierungsschrittes. Diese 

Methode ermöglicht es, mehrere FISH Tests räumlich getrennt innerhalb einer einzelnen zytogenetischen 

Probe auszuführen, ohne Kreuzkontamination zwischen den einzelnen Testregionen. 
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Ein weiterer Fokus dieser Arbeit war, neue Methoden und Protokolle für die MFP-basierte FISH 

Methode zu entwickeln, um zytogenetische Biomarker in Formalin-fixierten, Paraffin-eingebetteten 

(FFPE) Gewebeproben zu detektieren. Mit diesen neuen Protokollen und der MFP färbten wir die human 

epidermal growth factor 2 (HER2) Gene in Zellkernen von FFPE Brustkrebs Zellblöcken und FFPE 

Brustkrebs Gewebeproben, um den HER2 Amplifikationstatus der Zellen zu bestimmen. Dazu nutzten 

wir Oligonukleotid FISH Sonden und einen Hybridisierungspuffer basierend auf dem organischen 

Lösungsmittel Ethylencarbonat. Mithilfe dieser Protokolle führten wir die Hybridisierung für Zentro-

mersonden in < 1 min und für die HER2 genspezifischen Sonden in 10-15 min durch. Des weiteren 

testeten wir das Prinzip der Rezirkulation mithilfe einer hierarchischen hydrodynamischen Flussfokus-

sierung von FISH Sonden, um unhybridisierte FISH Sonden nach einer MFP-basierten Hybridisierung 

für weitere FISH Tests wiederzuverwenden. Die entwickelten Protokolle dieser Arbeit sind kompatibel 

mit dem Protokoll eines konventionellen FISH Tests und erfordern ausserdem minimale Mengen an 

FISH Sonden (100 Mal weniger als ein konventioneller Test) und ermöglichen eine FISH Analyse in 

kurzer Zeit (3 h anstatt >24h).  

 

Um die biophysikalischen Eigenschaften einer FISH Reaktion besser zu verstehen, entwickelten wir eine 

neue Methode (RT-FISH), um FISH Reaktionen in Echtzeit und die Reaktionskinetik zu untersuchen. 

Dazu haben wir spezifische Mikrostrukturen in einen vertikalen MFP Kopf integriert, um schnell 

zwischen zwei Flüssigkeiten umzuschalten. Dadurch konnten wir abwechselnd eine Lösung von FISH 

Sonden mit Zellblöcken in Kontakt bringen und diese dann mit einem Waschpuffer wegwaschen. Dieser 

kontinuierliche Vorgang ermöglichte uns, die Entwicklung einzelner FISH Signale in Echtzeit zu mes-

sen. In dieser Arbeit erklären wir die Entwicklung dieser Methode und zeigen deren Anwen-

dungsmöglichkeit basierend auf experimentellen Resultaten. Wir haben die FISH Reaktionskinetik in 

Abhängigkeit der Konzentration von Cen17 FISH Sonden, organischer Lösungsmittel (Formamid), eines 

Polymers (Dextran Sulfat) und der Ionenstärke gemessen und charakterisiert. Diese Methode kann dazu 

genutzt werden, um dein Effekt einer Vielzahl von anderen Reaktionsparametern zu untersuchen und 

quantifizieren.  

 

Unseres Erachtens kann diese Methode zu einem besseren Verständnis der FISH Prozesses beitragen. 

Dadurch können Effekte vieler Parameter auf die Hybridisierungsreaktion quantifiziert werden, um an-

schliessend genaue mathematische Modelle zu erarbeiten oder um das mit dieser Methode erarbeitete 

Verständnis dazu zu nutzen, neue FISH Assays entwickeln kann.  
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1 INTRODUCTION  
 

This dissertation focuses on hydrodynamic effects and their use in the context of cell studies. Specifi-

cally, this thesis covers the development of new cell-based assays using a fluidic scanning probe tech-

nology, the microfluidic probe (MFP), to enable the implementation of micro-scale fluorescence in situ 

hybridization (FISH) for use in research as a tool and in cancer diagnostics.  

 

Cancer is a complex disease and can arise from a multitude of genetic, epigenetic, transcriptomic or 

proteomic cell abnormalities. For example in Europe, the most common cancer in 2012 in females was 

breast cancer with 464’000 new cases, of which 131’000 cases were lethal.1 While the rate of cancer 

incidences in Europe has been continuously increasing for the past 50 years, the death rate however has 

decreased by 40% since the 90ies.2  

 

This is likely due to early detection of the solid tumor linked to efforts in public health to improve awa-

reness among women and routine screening. Further, the detection of breast cancer-related biomarkers 

through genomic, transcriptomic and proteomic analysis allows reclassification of the tumors into mole-

cular subtypes with characteristic responses to different treatment options3,4.  

 

Molecular methods for cytological analysis and tumor subclassification used in diagnostic pathology are 

histochemistry, immunohistochemistry, nucleic acid sequencing, polymerase chain reaction and fluores-

cence in situ hybridization (FISH). These diagnostic methods are therefore of high importance in the 

context of diagnostics and personalized medicine and help the pathologists to decide on the optimal and 

efficient treatment option for the patient. Fluorescence in situ hybridization is considered the ‘gold stan-

dard’ cytogenetic method for detection of genetic abnormalities in cells and tumor samples.  

 

Despite the tremendous importance of FISH, it is not routinely used because of long assay times, expen-

sive FISH reagents, a lack of trained personnel in the diagnostic laboratories. Further, the biophysical 

mechanism of the FISH process itself is yet not fully understood and FISH assays are currently designed 

empirically.  

 

We hypothesized that the development of methods and protocols for micro-scale FISH would enable 

rapid analysis of adherent cells and solid tumors, and thereby overcome key limitations of the conven-

tional FISH assay.  

 

To prove our hypotheses, this interdisciplinary work at the interface of chemistry, molecular biology and 

engineering focused on the development of new concepts and applications of micro-scale fluorescence 

in situ hybridization, Figure 1.1. 
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Figure 1.1. Nature of this work interfacing the use of scanning probes biochemistry and tumor biology. 

Specifically, this thesis focuses on miniaturized FISH. Central to this work was a liquid scanning probe 

and its applications in the context of three main areas: cell monolayer analysis, tissue section analysis, 

and kinetic parameter assessment. In this thesis consisting of five main chapters, we underline the im-

portance of microfluidics-based tools for studying cells and focus on micro-scale FISH and its applica-

tions using a microfluidic scanning probe : 

- Chapter 2 describes interplay between living cells, hydrodynamic stressors, and fluid flow-induced 

effects imposed on the cells. This interplay results in a broad range of chemical, biological, and 

physical phenomena in and around cells. The underlying physics of hydrodynamic phenomena af-

fecting both adhered and suspended cells are explained. Moreover, chapter 2 presents of representa-

tive studies that leverage hydrodynamic effects in the context of single-cell studies within microflu-

idic systems. Chapter 2 is based on the following article: 

 

D. Huber* and A. Oskooei*, X. Casadevall i Solvas, A. deMello and G.V. Kaigala, Hydrodynamics 

in cell studies, Chemical Reviews, 2018, 118 (4), 2042-2079. [*co-first authors] 

 

- Chapter 3 gives a view on historical developments of FISH, its current implementations and the 

bottlenecks of the conventional implementation. It further describes the state-of-the art of microflu-

idic FISH implementations and the need for micro-scale FISH in the ‘open space’. Chapter 3 is based 

on the following article: 

 

D. Huber, L. Voith von Voithenberg, and G.V. Kaigala, ‘Fluorescence in situ hybridization (FISH): 

history, limitations and what to expect from micro-scale FISH?’, Microelectronic Engineering, 

2018. [in revision] 

The experimental results of this work are presented in chapters 4-6 focuses on the development of a 

method for FISH-based analysis of cells and its translation to a platform for rapid diagnostic testing of 

breast tumor samples. Further it focuses on the development and application of a method for real-time 

monitoring of FISH reactions, Figure 1.2. 

 

- Chapter 4 presents the concept and the development of an MFP-based FISH implementation for 

chromosomal interrogation of cell monolayers. This method enables multiplex FISH-based analysis 

of selected cells at the micrometer length-scale using spectrally equivalent FISH probes. Chapter 4 

is based on the following publication: 
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D. Huber, J. Autebert and G.V. Kaigala, Micro fluorescence in situ hybridization (µFISH) for spa-

tially multiplexed analysis of a cell monolayer, Biomedical Microdevices, 2016, 18 (2), 40. 

 

- Chapter 5 the translation of the MFP-based FISH implementation from chapter 4 for its use in a 

diagnostic context. Methods and protocols were developed enabling rapid detection of genetic breast 

cancer biomarkers in solid tumors. This method reduces the turnaround time of the FISH assay and 

at the same time uses minimal reagent amounts and also minimal amounts of the scarce cytological 

sample. Chapter 5 is based on the following publication: 

 

D. Huber, and G.V. Kaigala, Rapid micro fluorescence in situ hybridization in tissue sections, Bio-

microfluidics, 2018, 12 (4), 042212. 

 

- Chapter 6 presents a method using a microstructured vertical microfluidic probe for rapid switching 

between FISH probes and a non-fluorescent imaging buffer enabling real-time monitoring of FISH 

reactions. This method is used to investigate the effect of each of these variables and provide insight 

to processes affecting in situ hybridization and can provide new insights and better understanding of 

in situ reaction processes and facilitate the design of new assays as well as more accurate theoretical 

or computational models describing in situ hybridization. Chapter 6 is based on the following pub-

lication: 

 

D. Huber*, N. Ostromohov*, M. Bercovici and G.V. Kaigala. ‘Real-Time Monitoring of Fluores-

cence in situ Hybridization (FISH) Kinetics’, Analytical Chemistry, 2018. [*co-first authors] 

 

 
Figure 1.2 Micro-scale FISH with a microfluidic probe. 
(a) Multiplex micro-scale FISH using on adherent cells (b) MFP-based FISH on tissue sections. FISH signals repre-

sent the HER2 gene (red) and centromere 17 (green) copy number in the cell nuclei (blue). (c) Experimental results 

showing kinetic measurements of FISH reactions for Cen17 probes in FFPE cell blocks. 
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2 HYDRODYNAMICS IN CELL STUDIES 
 

 

The content of this chapter is based on an article published in Chemical Reviews, and is pre-

sented with permission from the American Chemical Society (ACS).  

 

D. Huber* and A. Oskooei*, X. Casadevall i Solvas, A. deMello and G.V. Kaigala, Hydrody-

namics in cell studies, Chemical Reviews, 2018, 118 (4), 2042-2079. [*co-first authors] 

 

The original article can be accessed at : http://dx.doi.org/10.1021/acs.chemrev.7b00317 

 

Author contribution : Concept of the manuscript, drawing the figures and manuscript writing. 

Specifically, D.H. reviewed the microfluidic applications and A.O. reviewed the theory.  
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2.1 HYDRODYNAMICS IN CELL STUDIES 

Hydrodynamic phenomena are critical in almost all physiological functions and bodily systems. A pro-

minent example is the cardiovascular system, wherein the heart — a mechanical pump — maintains 

blood flow throughout an intricate network of blood vessels. Blood, containing red and white cells, flo-

wing through the body ensures sustained cell metabolism and, among other functions, defends the body 

against pathogens (Figure 2.1 a). Both the flow of blood and the kinematics of blood cells are ultimately 

governed by the laws of fluid mechanics. The flow of blood and other bodily fluids within the body exert 

mechanical stimuli on adherent and non-adherent cells within the endothelium and epithelium, and trig-

ger cell response to mechanical stimulation.5,6 For instance, endothelial cells representing the walls of 

blood vessels and capillaries respond to an increase in shear stress due to increased blood pressure by 

secreting nitric oxide, which in turn results in vasodilation and alleviation of blood pressure.7,8 Another 

prominent example for the central role of hydrodynamics within the body is the interaction of leukocytes 

with blood flow and their sequestration by the walls of blood vessels in immune response and inflamma-

tion.9,10 

 

 
Figure 2.1. Contrasting blood circulation inside the body with artificially created structures used to rea-

lize hydrodynamic focusing in single cell analysis.  
(a) The heart pumps oxygen-rich blood from its left chamber into the circulatory system. Blood flows through arte-

ries and arterioles before it reaches capillaries supplying target organs and cells with nutrients and oxygen. 

Subsequently, oxygen-poor blood continues through venules and veins back into the right chamber of the heart. 

From there, it is pumped to the lungs, where red blood cells are replenished with oxygen. The blood finally flows 

back into the left heart chamber, from where it can re-enter the circulatory system. (b) Hydrodynamic focusing in 

flow cytometry. A sheath fluid flow within a capillary engulfs a central cell-laden stream. Control of the velocities 

and/or densities of the two liquid streams allows formation of a stable two-layer flow, with cells moving in single 

file towards a detector and outlet nozzle.  
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The application of hydrodynamic effects on living cells in laboratory environments dates back to the 

1960s, with the first demonstrations of Coulter counters and flow cytometers.11,12 In most flow cyto-

meters, a sheath flow is used to focus the cells into a narrow stream, whereby they move in single file 

and can be probed and counted in a sequential fashion (Figure 2.1 b). During the past 20 years, the 

development and maturation of microfluidic technologies enabled manipulation and control of minute 

volumes of fluids geometrically constrained within environments with characteristic dimensions on a 

scale of microns, thereby spawning a new generation of cell manipulation tools that leverage the physics 

of flows on micron length-scales. These microfluidic technologies in conjunction with novel materials 

and microfabrication techniques are now routinely providing experimentalist with novel capabilities for 

cell manipulations and studies. Put simply, microfluidic systems afford precise control and engineering 

of cell microenvironments down to the single-cell level. This level of control has allowed researchers to 

begin to emulate physiological microenvironments or functional organs using a range of micro-engi-

neered cell or tissue culture platforms. For wall-adherent cells hydrodynamic control of the microenvi-

ronment affects not only the rate of nutrient delivery and replenishment, but also defines the dispersion 

rate (and dilution) of extracellular molecules as well as mechanical stress, such as the shear stress on 

wall-adherent cells. For suspended cells (‘non-adherent’) in a microscale flow, hydrodynamic forces 

control cellular trajectories and have long been used in cell studies. In this review we term cells ‘adhered’, 

if they are attached to the channel wall during the microfluidic study. Depending of the experimental 

settings a certain cell type appears in the adhered or suspended state: leukocytes are adhered in cell 

migration experiments and suspended in cell sorting experiments. 

Indeed, hydrodynamics has been exploited to sort, focus, manipulate and isolate cells in a passive fas-

hion, and has the potential to replace relatively more intrusive methods for cell manipulation that include 

external forces, such as dielectrophoresis,13–18 magnetophoresis,19–22 acoustophoresis,23–26 and immuno-

magnetic cell sorting.27–30 

Hydrodynamic control of cellular microenvironments represents a toolbox comprising hydrodynamic 

control of mechanical stresses, hydrodynamic control of analyte transport (and convection/diffusion of 

molecules) as well as hydrodynamic control of local temperature. These tools can be exploited to create 

local or universal conditions that can support a certain line of biological investigations. Mechanical 

stresses can not only alter cell morphology and intracellular processes, but can also affect reaction ki-

netics and association/dissociation rates (for instance, in scenarios where cell-cell or cell-surface binding 

reactions are of interest).31 Moreover, flow-induced concentration gradients and dispersion of ligands 

can significantly alter cell fate, for instance, in the context of stem-cell differentiation. Indeed, flow-

induced concentration gradients may be used to precisely control and vary the amount of a chemical to 

which each cell or population of cells is exposed.  

In this chapter, we comprehensively review the role of hydrodynamics in studies of single mammalian 

cells, and describe, in simple mathematical terms, the basic hydrodynamic phenomena present in cellular 

microenvironments. We aim to describe relevant theoretical concepts from a simplified and understan-

dable point of view, but without sacrificing critical details. In this respect, we strive to find a balance 

between theory and application, with a view to engaging a more general audience and adopting a lan-
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guage that is free of application-specific jargon (and with only a minimum use of fluid mechanics termi-

nology). In addition, we identify discrepancies and inconsistencies in certain application areas, particu-

larly those pertaining to suspended cells in flow, and attempt to reconcile such disparities. 

First we present key hydrodynamic principles and their relevance to cell studies. We introduce basic 

aspects of fluid flow in microchannels and design parameters that are critical to achieving certain hydro-

dynamic and transport characteristics. A snapshot of the content of key chapters in the original version 

of our article32 is presented in Figure 2.2, where the hydrodynamic effects on wall-adhered cells and cells 

in suspension is explained. In this thesis – due to the nature of this work focusing on wall-adhered cyto-

logical substrates – the introduction is however devoted to only wall-adhered cells subjected to fluid flow 

and their corresponding hydrodynamic effects. In Chapter 2.3, we address hydrodynamic effects on cells 

cultured on open substrates (such as culture well plates) and manipulated using various ‘open-space’ 

probes and tools. Finally, Chapter 2.4 provides a summary and some perspective on future cell studies. 

 

 
Figure 2.2. Graphical summary of chapter 2. 
This chapter contains three main sections: Hydrodynamics in adherent and non-adherent cell studies and in cell 

studies on open surfaces and substrates. Each section begins with hydrodynamic theory and design rules, and then 

discusses key parameters that engender novel applications.  

2.2 ADHERED CELLS IN MICROCHANNELS 

In the human body, fluid flow in the lymphatic or circulatory systems modulates not only cell morpho-

logy, but also gene expression patterns, properties of the extracellular matrix, protein secretion, and cell-

cell and cell-matrix interactions.33 The spatial and temporal distribution of fluid flow varies throughout 

the body owing to differences in vessel dimensions, properties of the surrounding tissue, driving pressure 

as well as the mechanical properties of bodily fluids. These variations result in distinct flow patterns and 

shear stress levels, which in turn induce or repress certain signalling cascades within the cells that regu-

late single-cell and multicellular processes, such as angiogenesis,34 lymph transport and function35 and 
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stem cell differentiation.36 Hydrodynamic delivery of nutrients, signalling molecules, antibodies, hor-

mones and enzymes also influences the cell behaviour significantly,37,38 resulting, for instance, in cell 

remodeling,39 signalling40 and pathogenesis.41   

Existing in-vitro cell culture models are commonly developed in macroscale well plates or Petri dishes 

that are severely limited in terms of accurate recapitulation of the physiological microenvironment. The 

disadvantages of such existing in-vitro cell culture models have triggered new efforts that adopt enginee-

ring techniques, including microfabrication, to engineer specific physical and biochemical cellular mi-

croenvironments that enable cell culture and study under physiologically more accurate conditions. For 

instance, in recent years, a tremendous body of work has been devoted to wall-adherent cell culture in 

microfluidic channels. Because of their high degree of hydrodynamic control, microfluidic culture de-

vices can generate well-defined microenvironments with various patterns of fluid flow (pulsatile, steady 

or oscillatory) and, as a result, emulate distinct features of native tissue. It has been demonstrated that 

cell viability can be sustained successfully in microfluidic culture platforms.42 With appropriate choice 

of protein surface coatings, culture medium and flow conditions, cultured human cells have been shown 

to express tissue-specific differentiated functions.43 Typical cell types that have been successfully cultu-

red in microfluidic devices include endothelial cells, stem cells, fibroblasts, osteoblasts, smooth muscle 

cells, hepatocytes, cancer cells and neuronal cells.43 In the following chapter, we provide an overview of 

the fundamentals of fluid flow on the microscale that are most relevant to the study of cells, particularly 

to wall-adhered cells. 

 

2.2.1 Hydrodynamic effects in microchannels  

Fluid flow is commonly characterized by dimensionless numbers, such as the Reynolds number, Re, 

which reports the ratio of inertial forces to viscous forces, or in mathematical terms 

!" =
$%&'
(

, *+ =
,-

.
 ,        (1) 

where ρ is the density of the fluid, U is the characteristic velocity of the flow, dH is the hydraulic diameter 

of the channel, µ is the dynamic viscosity of the fluid, and A and P are the cross-sectional area and wetted 

perimeter of the channel, respectively. Fluid flow in microfluidic channels is described by small charac-

teristic dimensions (dh) and velocities (U) and therefore, in most cases, is characterized by low Reynolds 

numbers, where flow is laminar and fluid elements move along orderly parallel streamlines. Low Rey-

nolds numbers also indicate that the viscous forces dominate the inertial forces on the microscale. Put 

simply, viscous forces arise when fluid elements slow down because of friction, for instance, in the vici-

nity of a channel wall. 
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Momentum and mass transfer boundary layers  

When a fluid enters a fluidic channel, the walls of the channel slow down adjacent fluid elements and as 

a result form a momentum boundary layer in which the flow moves relatively slowly compared with the 

far-field flow (fluid flowing at a distance far away from the wall). In a confined channel, such as a capil-

lary, the boundary layer begins to grow at the entrance of the channel until the growing boundary layers 

meet at the centre of the channel, as shown Figure 2.3 a. 

The momentum boundary layer grows on a flat wall according to the relationship obtained from the 

Blasius solution for a laminar boundary layer,44,45 i.e. 

/ =
01

2345
 ,         (2) 

where δ is the thickness of the boundary layer and x is the distance from the edge of the wall. The channel 

position (i.e., x) at which the boundary layers meet determines the entrance length, and the fluid flow 

beyond this point is described as being “fully developed”.46 Beyond the entrance length (Le), the velocity 

distribution across the channel cross section will no longer evolve, but remains steady along the channel 

length. The entrance length for a channel with an arbitrary cross section and hydraulic diameter, dh, and 

low Re number flow is given by44  
67
&8
≈ 0.05!" ,         (3) 

From equation 3, it is notable that for low Reynolds number microchannel flows (Re~1) the entrance 

length is only a fraction of the hydraulic diameter and is therefore, negligible in most microfluidic appli-

cations. In microfluidic application for cell studies in general, it is safe to assume that fluid flow in 

microchannels is fully developed at all times.    

The concentration of analytes within the oncoming flow is also effected by the momentum (velocity) 

distribution. As an analyte is consumed or produced by the cells attached to the wall, it will be transported 

across the channel cross section by a combination of mass diffusion and convection, resulting in a mass 

transfer boundary layer. The mass transfer boundary-layer thickness (δc) is related to the momentum 

boundary layer (δ) according to47 
=>
=
= ?@A

B
C,			?@ =

E

F
 ,        (4) 

where ?@	is the Schmidt number (that defines the ratio of momentum diffusion in the fluid to analyte 

diffusion within the fluid), D is the analyte diffusion coefficient and v the kinematic viscosity. 

Figure 2.3 a illustrates the mass transfer boundary layer plotted schematically versus the momentum 

boundary layer. The momentum boundary layer is often thicker than the mass transfer boundary layer 

because the momentum diffusion coefficient (also known as the kinematic viscosity) is often several 

orders of magnitude larger than the analyte diffusion coefficient.  

Similar to the characterization of flow and momentum transport through the Reynolds number, mass 

transport in channels and capillaries is characterized by the dimensionless Péclet number (Pe = Udh/d). 

The Péclet number defines the ratio of convective mass transport (i.e. transport due to flow) to diffusive 

mass transport, and as such, the larger the velocity in a capillary, the larger the Péclet number and the 

associated convective transport. An additional and important mass transport characteristic of fluid flow 

in microfluidic environments is the Taylor dispersion, which describes enhanced axial propagation of 
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analytes due to the wall-induced velocity distribution across the channel cross section. The enhanced or 

“effective” diffusion coefficient (De) can be determined from the following relationship:48  

G4 = G H1 +
K

KLM
N"MO       (5) 

Equation (5) suggests that for low Pe numbers, the effective diffusion coefficient is essentially equal to 

the molecular diffusion coefficient, and that as the flow velocity increases, effective diffusion is enhan-

ced, smearing the analyte in flow and resulting in more effective axial dispersion of the analyte. Analy-

tical solutions for the concentration distribution along a capillary are described in detail elsewhere.49,50 

Velocity profile and shear  

The fully developed velocity profile across the cross section of a microfluidic channel can be determined 

from the solution of the governing equations of fluid motion, namely, the Navier–Stokes and conserva-

tion of mass (or continuity) equations. We will not discuss the derivation in detail herein, as detailed 

derivations are available elsewhere.46,51 However, for a circular cross section channel of diameter d, the 

velocity profile is given by the following relationship in cylindrical coordinates (r,θ,z): 

PQ(S) =
UV

W&X
Y1 − H

M[

&
O
M
\,       (6) 

where Q is the volumetric flow rate and r is the radial distance from the centreline of the channel. Equa-

tion (6) describes a parabolic function in the radial direction, and therefore the velocity profile inside a 

circular channel or pipe is referred to as being “parabolic”, with a maximum velocity occurring at the 

channel centreline (Figure 2.3 b). The velocity distribution in a square or rectangular channel, however, 

is more complex.  For example, the velocity profile for a rectangular channel of height h and width w, 

with no-slip boundary condition at the walls, is an infinite series function of both z and y, indicating that 

the channel velocity has different distributions along the z- and y-directions (Figure 2.3 c). The equation 

for the velocity distribution in a rectangular channel is provided in Section 1 of the Supporting Informa-

tion (S1) for the interested reader. The qualitative velocity distribution along the width and height of a 

rectangular channel is also illustrated in Figure 2.3 a. The velocity distribution along the smaller dimen-

sion (in this case, the height) exhibits a parabolic distribution, whereas across the larger dimension (in 

this case, the width), the velocity initially increases and then remains essentially constant in the central 

part of the channel. This particular velocity profile (in a rectangular channel) is the product of boundary 

layer interactions between the side walls and the top and bottom walls and the difference in their dimen-

sions. By introducing dimensional symmetry, for instance, by adopting a channel with identical height 

and width, the velocity profiles along the width and the height of the channel become identical. 

Wall shear stress in a microchannel is critical in the context of microfluidic cell cultures, as shear forces 

can alter the cellular behaviour or even damage the cytoskeletal structure if excessively large.52 To obtain 

the shear distribution on the channel wall, the velocity gradient (i.e. the strain rate) at the wall must be 

determined. For a circular channel, this is done by differentiating equation (6) with respect to r, which 

yields 

]^_`` = ab^_`` = −a
&cd
&[
|[f&/M =

hM(V

W&C
 .      (7) 

Equation (7) indicates that wall shear in a circular tube or channel is constant across the channel walls 

and is a function of the flow rate, the fluid viscosity and the channel diameter. The higher the flow rate 
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and the smaller the channel diameter, the higher the wall shear stress is at constant viscosity. Conversely, 

wall shear in a rectangular channel is not constant, and varies across the top, bottom and side walls of 

the channel. The velocity gradient (strain rate) at the wall is obtained by differentiating the velocity 

profile with respect to y or z (Figure 2.3 c), depending on the wall on which the shear is being calculated, 

i.e., 

b^_`` =
&c5
&Q
|Q	f	i	jkAl  or  b^_`` =

&c5
&m
|mf	n

X
	jk	A

n
X
 .    (8) 

Detailed expressions for the wall strain rate and shear stress for a rectangular channel are given in the 

Appenndix A1. To showcase a typical velocity and shear variations in a rectangular microchannel, the 

velocity profile and shear stress are plotted in Figure 2.3 c-e for a situation in which the channel width 

and height are 250 µm and 50 µm, respectively, and the flow rate is 10 µL·min-1. It can be seen that the 

wall shear is not constant and varies across the width and the height of the bottom and side walls of the 

channel, with maximum shear occurring at the centre of the channel. 

The wall strain rate in a rectangular channel can also be expressed in terms of the aspect ratio, r = w/h, 

and the height of the channel. The strain rate per unit flow rate for various channel heights and aspect 

ratios is shown in Figure 2.3 f. This analysis shows that an increase in the wall strain rate occurs with 

decreasing channel height and decreasing aspect ratio. Importantly, the information in Figure 2.3 f can 

be used as a guide when designing rectangular cross-section channels having specific values of wall 

shear. For instance, at a given flow rate, the smaller the channel height, h, and the smaller the aspect ratio 

(i.e., smaller w), the higher the wall strain rate. 

Hydraulic resistance 

The concept of hydraulic resistance is often introduced through a hydraulic–electric circuit analogy in 

which the flow rate (Q) of a fluid in a channel or pipe is equivalent to the electrical current passing 

through a circuit, and the hydraulic pressure (ΔP) required to deliver this flow rate is equivalent to the 

electric potential required to generate the current. The flow rate and the pressure difference across the 

flow conduit are proportional, with a proportionality coefficient that defines the hydraulic resistance 

(R),46  

o =
∆.

3
	→ ! =

∆.

V
 .        (9) 

Conceptually, hydraulic resistance can be thought of as the resistance to fluid flow at a given driving 

pressure. The higher the resistance, the lower the resulting flow rate.  

Fully developed incompressible (constant density) laminar flow in conduits with the characteristic flow 

profiles shown in Figure 2.3 b and Figure 2.3 c can be described using the Hagen–Poiseuille equation,46 

i.e., 

∆N =
KMU(6V

W&8
r → ! =

KMU(6

W&8
r  ,       (10) 

where µ is the dynamic viscosity, L is the length and dh the hydraulic diameter of the conduit. As indi-

cated in equation (10), the hydraulic resistance is proportional to the length of the conduit and inversely 

proportional to its hydraulic diameter. Simply put, equation (10) implies that the longer and the narrower 

the flow channel, the higher the hydraulic resistance and the lower fluid flow through the channel will 

be. Hydraulic resistance in rectangular conduits is of special interest in microfluidic applications as they 
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are the most common channel geometry in microfluidic devices. The Hydraulic resistance in a rectangu-

lar microchannel with a width of W, a height of H and a length of L can be calculated from the following 

relationship:53 

! =
∆.

V
=

KM(6

s+CHKAi.th
'
u
O
	, v < x       (11) 

 

 
Figure 2.3. Hydrodynamic effects on adhered cells. 
(a) Channel flow and entrance length in a microfluidic channel. (b) Schematic velocity profiles for a rectangular and 

a circular cross section microchannel. (c) Velocity profile for a rectangular cross section channel with w = 250 µm, 

h = 50 µm and Q = 10 µL·min-1. (d) and (e) Associated wall shear rate distributions. (f) Shear rate per unit flow rate 

plotted for various channel heights and aspect ratios.  (g) A multi-shear cell culture device with channels of various 

sizes and independent inlets and outlets. (h) A multi-shear device with channels of various hydraulic resistance and 

cell culture chambers of equal dimension all connected to a common inlet and outlet. The varying flow rate in each 

culture chamber will result in a different level of shear experienced by the wall-adhered cells. (i) Periodic and va-

riable shear-culture channels for exposing a population of cells to variable levels of shear. 
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2.2.2 Cell adhesion and shear stress studies  

As physical entities, living cells possess structural and physical properties that enable them to withstand 

the physiological environment54 as well as mechanical forces from inside and outside of the body.5,52,55,56 

The most ancient and universal mechanical forces cells are exposed to arise from osmotic pressure, which 

is crucial to all life forms.56 Interestingly, bacteria have developed a mechanism to sense the osmotic 

turgor through mechanosensitive channels and protect themselves from cell lysis. Such mechanogated 

ion channels are also present in mammalian cells57 and are important for mechanotransduction.6 In addi-

tion to mechanogated channels, mammalian cells can sense their mechanical environments via lamelli-

podia, cilia, glycoproteins in the glycocalyx,58 transmembrane receptors,59 extracellular matrix molecules 

or cytoskeletal structures among others that have been recently identified in the emerging field of me-

chanobiology.5 Mechanical stressors around a mammalian cell arise from complex interactions of gravi-

tational forces, shear flows60 or intra- and intercellular tensions from the cytoskeleton.61 Once a cell is 

stimulated by a mechanical stressor, downstream signalling cascades are initiated, leading to a wide range 

of altered gene expression profiles.54,62 

 

As discussed in Chapter 2.2.1, a straight microchannel allows for the control of the shear on adhered 

cells. Adhered cells grow on the microchannel walls, and mostly at the bottom due to sedimentation and 

adhesion. A change in the flow rate within any microchannel will lead to a change in the shear stress on 

adhered cells, with the resulting effects being easily monitored. Indeed, at a given flow rate at the channel 

inlet, a cell inside a small channel will experience higher shear forces than an identical cell in a larger 

channel (equation 7 and Figure 2.3 f). Accordingly, the behaviour of adhered cells in a small channel is 

inherently different from the behaviour of those grown in larger channels. Implementing different chan-

nel dimensions within a microfluidic device allows to study different cell populations under identical 

conditions but at different shear stress levels. A common design for such experiments contains parallel 

channels of varying hydrodynamic resistance connected to independent perfusion inlets and outlets  

(Figure 2.3 g). Alternatively, multiple identical culture chambers connected to a common inlet and outlet 

via channels of varying hydraulic resistance (Figure 2.3 h and Figure 2.4 d) can be used for the same 

purpose. Such multi-shear devices enable parallelized analysis by capturing the effects of varying shear 

on cells simultaneously.  

In certain studies, it may be important to exert varying or periodic levels of shear on a single population 

of cells.63 Periodic shear levels can be induced through the use of tapered or periodic microchannel geo-

metries, as shown in Figure 2.3 i. An alternative method for producing variable shear is to vary the 

pressure on a deformable membrane that seals the culture chamber. As the membrane is deformed, it 

induces a flow within the culture chamber, and as a result, contained cells are exposed to a level of shear 

that is proportional to the deformation in the membrane. Importantly, all the designs discussed above 

have been used in various studies of cell response to shear stress.  
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Cell adhesion  

 
When cells are first introduced to a microfluidic culture channel, the rounded cells settle, attach to the 

surface of the channel via electrostatic attraction, or bind to proteins on the channel surface through the 

integrin receptor-protein binding.64 Once the cells have adhered, they flatten, secrete extracellular matrix 

(ECM) proteins, and begin to proliferate. Cell adhesion is also important in triggering signals that regu-

late cell differentiation, cell cycles, cell migration, and cell survival.65 Fluid flow in a cell culture channel 

exerts a shear force on the cells, which competes with the adhesion forces between the cells and their 

substrate.54,66 At high shear (> 1 Pa) such as in hemodynamic flows, the shear force induces a stress 

response in adhered cells, which can lead to altered adhesion properties of cells, such as rounding, de-

tachment and change in the expression of adhesion proteins. Stress-induced cytoskeletal rearrangements 

may even lead to apoptosis of the cell in certain scenarios.67 In contrast, at low shear (<1 Pa) such as in 

interstitial, extravascular flow in the body, the hydrodynamic forces constitute a mechanotactic signal 

that can drive the motion of a cell and affect cell differentiation.55,68–70 These shear-induced cell altera-

tions have been studied using microfluidic shear devices.33,55,68,69,71,72  

There is mounting evidence that cells adapt to stress over time and reinforce cell adhesion by over-

expressing adhesion-related molecules. For example, Christophis et al.73 exposed rat embryonic fibro-

blast cells to different shear flows, and investigated the adaptation of a cell to reinforce cell adhesion in 

shear flow. The authors established a shear gradient ranging from 0 to ~1000 dyn·cm-2 (0 to 100 Pa) by 

increasing the flow velocities in a stepwise manner, and characterized the cell adhesion strength by va-

rying the exposure time to shear stress at each shear level (with exposure times of 5, 10, 20 and 40 s per 

shear stress level). This yielded total experimental times and shear exposure times of 4.5, 9, 18 and 36 

min. Finally, they compared adhesion strengths for an applied shear magnitude of 22 dyn·cm-2 (2.2 Pa) 

for various exposure times (2, 4, 9 and 18 min), and observed that the cells were best able to adapt to the 

applied shear stress at longer exposure times. Conversely, at extremely low exposure times, cell adhesion 

was unaffected, with the adhesion strength increasing with exposure to shear as the cells respond and 

adapt to the shear stimulus (Figure 2.4 a). 

Unsurprisingly, adhered cells tend to detach from surfaces in shear flow when the shear rate reaches a 

certain threshold. Cell detachment under shear and shear-induced cell movement have been studied in a 

microfluidic device containing parallel tapered channels by Rupprecht et al.74 (Figure 2.4 b). Along ta-

pered channels, effective shear forces vary owing to the expanding channel dimensions, and therefore, 

using a single input flow rate, the cellular response to a 25-fold variation in shear stress could be studied 

simultaneously. MDA-MB-231 breast-cancer cells and a unicellular organism (D. discoideum) were used 

as model systems, with cell adhesion being quantitatively examined by the analysis of kinetics, adhesive 

strength and migration behaviour or cell shape (Figure 2.4 b). The authors experimentally determined 

the critical shear level at which 50% of cells become detached and analysed the detachment kinetics. 

They found that the data for the detachment efficiency (the percentage of the cells detached) versus shear 

followed a log-normal distribution as shown in Figure 2.4 b(i) and that the cell detachment process fol-

lows first-order kinetics, see Figure 2.4 b(ii). 
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Figure 2.4. Global cell adhesion studies in shear flow : 
(a) REF52 cells were exposed to a stepwise shear gradient, with the adhesion strength being analysed at a shear 

stress of 22 dyn·cm-2 (2.2 Pa). (i) Cells are able to adapt to the shear stress at longer exposure times (>9 min), with 

the cell adhesion strength being higher than at shorter exposure times. At low exposure times, cell adhesion is not 

affected by shear. (b) A tapered channel microfluidic device for comprehensive cell adhesion analysis allows the 

measurement of detachment kinetics and shear-induced motion. The detachment efficiencies of MDA-MB-231 and 

D. discoideum (i) were calculated from the detachment kinetics measured (ii). The critical shear level at which 50% 

of the cells are detached was assessed for four datasets: D. discoideum on a glass substrate in highly conditioned 

medium (green, triangles pointing downward) and in fresh medium (blue, triangles pointing upward) and in fresh 

medium on APTES coated substrate (red, crosses), as well as MDA-MB-231 on a collagen coated substrate (black, 

circles). (c) Biomechanics of cell rolling: Shear flow, cell surface adhesion, and cell deformability were examined 

by monitoring cells via an installed mirror (i). The cell substrate contact length, Lc, as well as the cell height, Hc, 

were measured for different shear levels (ii) using finite element analysis. (d) Substrate-dependent adhesion of cells 

in channels having different hydrodynamic resistances (i). At high shear, appropriate fibronectin coating leads to 

enhanced cell adhesion (ii). At a shear of 2000 dyn·cm-2 (200 Pa) applied for 12 min, only 10% of the cells detached, 

but at twice that shear stress, more than 90% of the cells came off the surface in the same time period (iii). 

 

Dong et al.75 investigated leukocyte rolling on P-selectin-coated surfaces (artificial vascular epithelium) 

in relation to cell movement and deformation in response to shear stress. The degree of cell deformation, 

the cell-substrate contact length as well as the rolling velocity of the cells were assessed using a side 

view flow chamber in different shear flows using the device shown in Figure 2.4 c(ii). Based on the 

measured cell height, Hc, and cell substrate contact area, Lc, in different shear flows, they calculated the 

adhesion energy using finite element analysis. Such an analysis suggested that the cell substrate contact 

area under high wall shear (20 dyn·cm-2, 2 Pa) was nearly twice as large as the contact area under low 
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shear levels (0.5 dyn·cm-2, 0.05 Pa). This increased contact area was attributed to shear-induced cell 

deformation, with an increase in contact area resulting in more energy dissipation to both adhesion bonds 

and viscous cytoplasm. Furthermore, the authors proposed that a more flattened cell geometry leads to a 

decreased hydrodynamic drag force on the cell. 

To study cell surface detachment and adhesion in fibroblast cultures, Lu et al.76 used a multi-shear device 

consisting of different shear chambers connected to a common inlet and outlet as shown in Figure 2.4 

d(i). The device consisted of 500, 750, and 1000 µm wide microchannels, yielding shear stress magni-

tudes of 4000, 2700, and 2000 dyn·cm-2 (400, 270 and 200 Pa) for the flow rates adopted. The fraction 

of adherent WT NR6 cells after 0 and 12 min of shear exposure was measured. At a shear stress level of 

2000 dyn·cm-2 for 12 min, only 10% of the cells detached, whereas a shear stress of 4000 dyn·cm-2 

caused more than 90% of the cells to detach from the surface within 12 min (Figure 2.4 d(iii)). The 

authors also assessed the adhesion of the cells to fibronectin coated substrates as a function of the shear 

stress and fibronectin concentration, observing that adhesion under flow strongly depends on the fibro-

nectin coating (Figure 2.4 d(ii)).  

 

Shear-induced stress  

The cellular response to mechanical stimuli has been the subject of numerous studies. Many of these use 

techniques that incorporate a probe, such as an Atomic Force Microscope (AFM) tip, as a vehicle for 

inducing mechanical stimulus. However, cells are fragile, and therefore contact-based studies77,78 are 

undesirable as they might disrupt the cell membrane during investigation or even permanently destroy 

the cell. In contrast, microfluidic-based culture platforms, with their ability to deliver controlled shear 

and mechanical stimuli, are an attractive tool for investigating the mechanosensitivity of cells. 

Jacobs et al.79 investigated the effect of alternating flow on osteoblast-like immortalized human fetal 

osteoblasts. They subjected the cells to various flow patterns, including a steady flow (resulting in a wall 

shear stress of 2 N·m-2), an oscillating flow (shear between ±2 N·m-2), and a pulsatile flow (shear from 

0 to 2 N·m-2). Alternating flow patterns were applied using a sinusoidal waveform at frequencies of 0.5, 

1.0, and 2.0 Hz, and the intracellular calcium concentration was monitored with a fluorescent dye. The 

results indicated that oscillatory flow was a significantly weaker stimulator of bone cells than both steady 

and pulsatile flows, and resulted in a decrease in cell responsiveness as the frequency increased. For both 

oscillating and pulsatile flow patterns, the reduction in responsiveness coincided with a reduction in the 

net fluid transport, which suggested that the response of bone cells to fluid flow is a function of chemo-

transport effects (Figure 2.5 a). 

Shear stress affects the morphology and fate of many cell types, including endothelial, smooth muscle, 

and osteoblast cells.39,80 Chau et al.81 used a multi-shear device for the simultaneous evaluation of 10 

different shear levels over two orders of magnitude (between 0.017 and 13 Pa, Figure 2.5 b). Human 

umbilical vein endothelial cells (HUVECs) were exposed to these shear stress levels over a 20-h period, 

and the secretion level of the von Willebrand factor (vWF) was investigated. Increasing shear resulted in 

increased vWF secretion. HUVECs under a shear level between 1 and 3 dyn·cm-2 (0.1 to 0.3 Pa) exhibited 

a similar vWF content, size and perimeter as cells in static culture.  
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Figure 2.5. Using hydrodynamics to modulate the shear stress on cells : 
(a) Flow stimulation of bone cells with steady flow resulting in a wall shear stress, oscillating flow and pulsatile 

flow. Dynamic flows were applied with sinusoidal profiles of 0.5, 1.0, and 2.0 Hz. The stimulation of cells with 

pulsatile and steady flow was stronger than with oscillating flow. (b) Multi-shear device containing ten channels of 

varying lengths (top). Cells were stained for intracellular and extracellular vWF factor (red), rhodamine phalloidon 

(green) and Hoechst (blue) after 20 h of perfusion under different shear flows. For shear stresses above 0.5 Pa, cells 

exhibited significantly higher vWF secretion and were at least 30% smaller in size. (Scale bar: 50 µm). (c) A multi-

shear microfluidic device for quantitative analysis of calcium dynamics in osteoblasts. (i) Four different shear levels 

were exerted on osteoblasts to study the cytosolic calcium concentration Ca2+ dynamics. (ii) and (iii) The cytosolic 

calcium concentration increased with shear stress from 0.03 to 0.30 Pa; the response to shear was delayed with an 

activation threshold 0.03 and 0.06 Pa. (d) Effect of flow rate and shear level on the shape and orientation of endothe-

lial cells in a straight microfluidic channel. At high flow rates (large pump, high shear) and flow exposure times, the 

cells tend to align and elongate significantly in the direction of flow (decreased angle of alignment). In contrast, at 

low flow rates (small pump, low shear), the flow and flow exposure time do not affect the cell shape and orientation. 
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In contrast, cells that underwent shear stresses above 5 dyn·cm-2 (0.5 Pa) showed significantly higher 

vWF secretion and were at least 30% smaller in size. Interestingly, Chau et al. also found that cells 

exposed to a shear stress of 0.7 dyn·cm-2 (0.07 Pa) showed significantly lower levels of vWF and were 

35% smaller in size than those under static conditions. 

 

Fluid shear stress also affects calcium dynamics, resulting in variation in bone cell function and remo-

delling.82 For example, Kou et al.83 developed a microfluidic device with four culture channels, each 

providing a different shear level. This multi-channel device was used to study cytosolic calcium-concen-

tration [Ca2+] variations of osteoblasts. The device contains four cell culture chambers of different wid-

ths, with resistance correction channels being used to homogenize the hydrodynamic resistance across 

the four lines and to ensure equal flow rates in all four chambers (Figure 2.5 c). The authors computed 

the local shear distribution to assess the preferred section in the cell chamber for measuring calcium 

dynamics. The cytosolic calcium concentration was observed to increase proportionally with the magni-

tude of the shear stress from 0.3 to 3 dyn·cm-2 (0.03 to 0.30 Pa), and the response to shear was delayed 

with an activation threshold between 0.3 and 0.6 dyn·cm-2. 

Endothelial cells (ECs) lining the inner lumen of blood vessels are continuously subjected to hemodyna-

mic shear stress, which is known to modify EC morphology and biological activity.84 Song et al.84 deve-

loped a self-contained microcirculatory endothelial cell culture system to study the effect of hemodyna-

mic shear on EC alignment and elongation. Specifically, they investigated human dermal microvascular 

endothelial cells (HDMECs), which they exposed to pulsatile flows.  Within a microfluidic device, they 

integrated two pumps, a large one and a small one. By pumping at a frequency of 1.0 Hz, cells were 

exposed to <1 dyn·cm-2 (<0.1 Pa) with the small pump and ~9 dyn·cm-2 (~0.9 Pa) with the large pump. 

Such flows caused ECs to align and elongate significantly in the direction of the flow according to the 

level of shear stress (Figure 2.5 d). Furthermore, the authors defined a dimensionless shape index (SI) 

quantifying cell elongation in the direction of flow as 4z{NAM. If SI = 0, the cell shape is a line, and if 

SI = 1 the cell is circular. The SI of cells exposed to low shear remained constant at ~0.65 over 24 h 

(right graph, Figure 2.5 d), whereas the SI of cells exposed to high shear decreased from 0.65 to 0.45 

over 24 h of exposure to a flow. 

 

Shear and cell migration 

Low shear flows affect the motility of cells.69,70,85 Mammalian cells use amoeboid motility as a fast mode 

of cellular movement to enter and translocate through various tissues and organs.66 D. discoideum is a 

simple lower eukaryote and is a genetically and biochemically tractable model organism. It shares many 

migration characteristics with leukocytes86 and has therefore been used extensively to study cytoskeleton 

organization, chemotaxis, cell differentiation and development.87  

The actin cytoskeleton is able to sense and to adapt to mechanical changes in the environment.61 Décave 

et al. subjected D. discoideum to low shear in a transparent lateral flow chamber and showed that the 

cells started migrating (Figure 2.6 e).69 Addition of CIPC (drug inhibiting actin polymerization) resulted 
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in reduced formation of cell-substrate contact area and reduced the motility, implicating, that actin cy-

toskeleton remodeling is indeed a crucial player in cell migration. 

 
Figure 2.6. Shearotaxis and artificial interstitial fluid flows : 
(a) Dependence of migration directionality on the reversal of the flow direction in a straight channel. At low fre-

quencies (a) the cells migrate steadily along the streamline. At high reversing frequency (b), the cells are trapped. 

(b) A pressure gradient between P1 and P0 establishes an artificial interstitial flow microenvironment for studying 

eg. cancer cell progression. (c) Fibroblasts in the center of the device were subjected to a minimal osmosis driven 

flow mimicking the interstitial fluid. (d) Motility of D. discoideum depends on mechanical and chemical stimuli. 

Shear induced migration along the streamlines. Calcium concentration affected the speed but had no influence on 

the directionality of cell migration. 

 

In a related study, Fache et al. investigated the dependence of shearotaxis with respect to mechanical and 

chemical stimuli.88 They found that with increasing calcium concentration, the cell migration speed was 

increasing and that shear alone was affecting the directionality but not the speed of cell migration of D. 

discoideum. Thus, for an efficient mechanotactic response, external calcium is required (Figure 2.6 d). 

Chemotaxis is one means of cellular migration where cells tend to migrate towards the high concentration 

of chemoattractant. Meier et al.89 exposed D. discoideum to alternating chemoattractant fields and were 

able to stall the cells at one position by switching the chemoattractant gradient at 0.1 Hz. Similarly, Zhu 
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et al. performed a similar and exposed D. discoideum to alternating shear by switching the flow direction 

eg. reversing the direction of the mechanotactis stimulus at various frequencies.70 Interestingly, at fre-

quencies of 0.06-0.1 Hz they achieved cellular trapping (Figure 2.6 a). Surprisingly the stalling frequen-

cies for mechanotaxis and chemotaxis were comparable, leading to a hypothesis that the limiting factor 

is the chemical-based internal apparatus in the cell.70 

While in the vascular system the wall shear stress can reach levels up to 7 Pa,90 interstitial fluid flow 

through the ECM is characterized by being extremely slow. This extravascular flow results in low shear 

stress (≤ 0.01 Pa) because of the high flow resistance of the ECM.91 Interstitial fluid flow is expected to 

have an impact on cell morphogenesis and pathogenesis, drug transport in cancer patients92–94 and cancer 

cell proliferation and invasion.95–98 A challenge for the microfluidics community is to flow fluids at ex-

tremely low flow rates in order to build a system, which can emulate interstitial fluid flow of less than a 

few µm·sec-1.99  

To achieve this Park et al. proposed an osmotic pump: the osmosis-driven flow is generated across the 

cellulose membrane between water and a polyethylene glycol solution (Figure 2.6 c). Subsequently, they 

subjected mouse fibroblasts to this interstitial flow. Interstitial flow below 10 µm·sec-1 was sufficient for 

fibroblast attachment, while above this value cell mobility increased significantly. 

To examine the effects of interstitial flow on breast cancer cell morphology and migration Polacheck et 

al. designed a chip emulating interstitial flows across a pressure gradient. They seeded MDA-MB-231 

at different densities onto a gel in the center region of the device (Figure 2.6 b). They were able to create 

a flow field across the gel and studied cell migration at fluid flow of 0.3 µm·sec-1 and 3 µm·sec-1. In the 

presence of interstitial flow they observed cell migration along streamlines,68 however when blocking 

CCR7 the cells started migrating from downstream to upstream, which was independent of cell density. 

 

2.2.3 Effect of hydrodynamic transport of molecules on cell fate 

Cells do not function as single independent entities, and continuously secrete molecules that bind to the 

receptors of the same cell (autocrine signalling) or of neighbouring cells (paracrine and endocrine signal-

ling) to mediate processes such as cell-cell communication,100 cell morphogenesis101 and cell migra-

tion.102 

Perfusion cell culture systems, in which the cells are exposed to a steady flow of fluid, are a powerful 

tool for studying the effect of signalling molecules and their gradients on cellular function and fate. 

Microfluidic perfusion culture platforms, in particular, are useful as they allow precise spatiotemporal 

control of the gradients of such molecules in cellular microenvironments. Secreted molecules are trans-

ported with the flow of the oncoming perfusion liquid, forming a species transport boundary layer  

(Figure 2.3 a), and are dispersed throughout the culture chamber (or channel) by diffusion and convec-

tion. The mode of the axial dispersion and the channel length required to achieve a certain gradient can 

be defined by the Péclet number (Pe = UR/d). At very low Péclet numbers, the molecules will be trans-

ferred predominantly by molecular diffusion, whereas at higher Péclet numbers, the effect of convection 
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becomes more pronounced, resulting in a “trail” of various molecular concentrations along the flow di-

rection. Exact solutions for the axial dispersion of analytes in long capillaries with uniform cross section 

can be found elsewhere.50  

The flow-dependent modulation of the diffusion of signalling molecules has been studied using micro-

fluidic perfusion culture systems. For instance, Moledina et al.63 used a microfluidic perfusion culture 

approach coupled with numerical models for Brownian motion of signalling ligands under flow to study 

the effects of flow on the heterogeneity of cell signalling and fate. They studied the local impact of 

endogenously secreted glycoprotein 130 (gp130)-activating ligands and their activation of the signal 

transducer and activator of transcription3 (STAT3) in mouse embryonic stem cells (mESC). Both their 

model and perfusion experiments showed a gradient of STAT3 activation along the channel axis, with 

STAT3 activation increasing in the direction of the flow (Figure 2.7 a). Moreover, the authors showed 

both experimentally and numerically that STAT3 activation levels decrease with increasing flow rate 

(i.e., with the Péclet number), resulting in an increased differentiation of mESCs. In addition, the cell 

density was found to be inversely proportional to the phosphorylated STAT3 (pSTAT3) levels, sugges-

ting that in the regions of high cell density, the contribution of each cell to the pluripotency of the colony 

is lower than in less dense regions.  

In a related work103, the effect of flow on the removal of endogenous molecules and their effect on auto-

crine and paracrine signalling was investigated. Przybyla et al.103 studied mESC in microfluidic perfusion 

chambers under both static and flow conditions. Figure 2.7 b (top) shows the role of selected autocrine 

factors for the maintenance of mESC.  Under static conditions, the cells remained in the embryonic state. 

In flow, however, secreted autocrine factors responsible for stem cell maintenance (Nanog, Reduced 

expression 1 (Rex1), Kruppel Like Factor (Klf4) were washed out, and cells began to differentiate. Ef-

fective removal of secreted factors prior to the initiation of any reaction was ensured by maintaining the 

ratio of the Péclet number (a measure of convective mass transport) to the Damköhler number (a measure 

of the reaction rate) at 1.5. These findings confirmed that previously discovered exogenous factors for 

maintaining stem cell self-renewal, such as Leukemia inhibitory factor (LIF) and Bone morphogenetic 

protein 4 (BMP4), are insufficient to maintain self-renewal in the absence of cell-secreted factors.  

In an earlier study, Blagovic et al.104 had examined the sufficiency of Fibroblast growth factor 4 (FGF4) 

for producing neuroectodermal precursors. Using a microfluidic perfusion culture, they were able to re-

move cell-secreted molecules, resulting in an inhibition of growth. To elucidate the reason behind the 

low growth, the system was perfused with medium-containing cell-secreted factors obtained from the 

static differentiating cells on day 3 (Figure 2.7 c). 

Frank et al.105 generated concentration gradients of tumour necrosis factor alpha (TNFα) across a rectan-

gular diffusion chamber, demonstrating differential activation of the NFkB pathway of fibroblasts and 

macrophages. TNFα is a factor secreted by cells and involved in the activation of the nuclear factor 

kappa-light-chain-enhancer of activated B cells (NFkB) pathway, leading to programmed cell death.106 

The diffusion chamber, which is automated and programmable, is connected to two perpendicular chan-

nels at its two ends, a source channel and a sink channel (Figure 2.7 d). Concentration gradients are 

achieved through modulation of the flow rates in the source and the sink as well as through temporal 

switching between the sink and the chamber and the source and the chamber, allowing a static “diffusion 
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only” chamber with desirable gradients. With this chamber, the authors studied the global effect of dif-

ferent concentrations of TNFα on the cultured cells without disturbing the spatiotemporal gradient of the 

molecules secreted by the cells.  

 

 
 

Figure 2.7. Spatio-temporal concentration profiles of autocrine and paracrine factors and their effect on 

the cell phenotype. 
(a) LIF activates STAT3 and induces self-renewal. In this study, the effects of the flow rate, the position of the flow 

field and the local field organization on STAT3 activation and the fate of mESC were analysed, mathematically 

described and compared with the static culture. (b) and (c) Effect of endogenous autocrine and paracrine factors on 

stem cell differentiation of mESC. (b) In a flow chamber, Nanog, Klf4, Rex1 were washed off from stem cells, which 

induces differentiation. (c) Adding endogenous factors to the medium (complex medium, CM) allows studying the 

impact of each of these factors on stem cell self-renewal and maintenance of the undifferentiated stage. (d) Stable 

TNFα gradient across a rectangular diffusion chamber. Across the chamber, there is a minimal flow that does not 

disturb the spatiotemporal gradients of secreted molecules from the cells. Sink and drain channels perpendicular to 

the chamber maintain the gradient constant, which allows global effects of TNFα on cells to be studied without 

disrupting the local cell-cell pattern. 

2.2.4 Mechanical microenvironments 

The ability of a eukaryotic cell to resist deformation,107 to transport intracellular cargo by membrane 

trafficking and to change shape during movement depends on its cytoskeleton, a network of filamentous 

polymers and regulatory proteins.61 Mechanical stimuli induce cytoskeletal rearrangement108 via a pro-

cess called mechanotransduction, which in turn influences cell spreading, growth and stress.  

 

Various parameters, such as shear, substrate morphology and flow direction, all affect the mechanobio-

logy of cells.6,55,109–112 Importantly shear stress (Chapter 2.2), substrate topography, flexibility and rigi-

dity can be precisely controlled and engineered in microfluidic systems, and therefore microengineered 
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platforms have been used extensively in cell studies are becoming more and more important especially 

in the field of organs-on-chip for long-term drug studies.111,113 While the need to tailor the surface che-

mistry of biomimetic materials has been given significant attention for decades, the need to also consider 

their mechanical properties and its effects on cells has only been gaining momentum in recent years114 

(for a recent review on biomimetic materials see Ref. 62). Stiffness is a measure of the ability of a material 

to resist deformation. In the body, tissue stiffness ranges several orders of magnitude, from adipose tissue 

(Young’s Modulus E ~ several kPa)115 to bone (E ~ GPa).116 

 

The preference for stiff over soft substrate is called ‘durotaxis’ and was first described by Lo et al.54 

They found that stiff substrates lead to a strong mechanical input, which stimulates lamellipodia and 

substrate contact. Local protrusions therefore probe the mechanical properties and guide the cell towards 

more rigid substrates with strong mechanical feedback. Figure 2.8A is an example of such a study where 

3T3 cells were seeded onto a collagen-coated polyacrylamide gel with different stiffness gradients, emu-

lating an ECM with regions of varying stiffness. The cells were found to move from the soft to the stiff 

region.117 For gels with a soft region of 10 kPa and a stiff region of 80 kPa, they observed the strongest 

induction of mechanotaxis. A mathematical model for Durotaxis from soft to stiff has recently been 

presented.118 Also the surface topography has a significant impact on the development of a cell. Peyrin 

et al. developed a chip with asymmetric channels allowing to control the directionality of cultivated 

neurons and were able to recreate functional synaptic connections.119 Anebe-Nzelu et al.120 studied the 

effect of topographical features on the orientation of cells in flow. C2C12 mouse myoblasts were cultured 

in a microfluidic chip with incorporated micro-grooves. The grooved substrate remodelled the cells into 

an aligned 3D cellular construct when the grooves were oriented in the direction of the flow, with the 

actin cytoskeleton and nuclei preferentially oriented along the micro-grooves.  Significantly, aligned 

C2C12 3D cellular constructs showed enhanced differentiation into skeletal muscles compared with ran-

domly aligned cells (Figure 2.8 b).  

 

Biomechanical characterization of cells has been widely carried out using elastomeric pillars.121–124 

Lam et al. investigated flow-mediated endothelial mechanotransduction processes using an ECM coated 

PDMS micropost array. The array could be used to modify the rigidity, adhesion pattern and at the same 

time, the posts could be used as force sensors. (Figure 2.8 c) They subjected HUVEC cells to a constant 

shear flow of 2 Pa and investigated the live-cell subcellular contractile forces as part of their study.125 

Interestingly the directionality of contraction was directed perpendicular to the flow while the alignment 

directionality was directed along the flow.  

 

In the context of cancer development and progression it has been reported that mechanical properties of 

tissues are altered in many disease states, leading to cellular dysfunction and further disease progres-

sion.114 Malignancy for example has been associate with increased stiffness of the extracellular matrix 

(ECM) by cross-linking ECM fibers.126 Lachowski et al.127 cultured healthy pancreatic stellate cells 

(PSC) onto a polyacrylamide gel with a stiffness gradient. Healthy PSCs were activated and underwent 

durotaxis. Further, the cells shifted towards a high matrix secreting phenotype, leading to even higher 
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levels of ECM stiffness. This led to the activation and recruitment of more PSCs, which could constitute 

the basic regulatory mechanism of fibrotic stroma in the human body.  

 
Figure 2.8. Mechanical microenvironments. 
(a) Durotaxis of fibroblasts on a microelastic polyacrylamide gradient gel. Manipulation of the elasticity jumps af-

fects cell migration speed and mechanotaxis efficiency. (b) Characteristic alignment of C2C12 cells on a grooved 

microfluidic channel substrate. Depending on the orientation of the flow and the geometry of the grooved substrate, 

cultured cells orient into characteristic 3D cellular constructs. Aligned C2C12 3D cellular constructs showed enhan-

ced differentiation into skeletal muscles compared to randomly aligned cells. (c) Micropillar arrays allow monitoring 

of cell contraction forces as well as investigation of the force directionality of cells grown on the micropillar subs-

trates. (d) Application of a vacuum allows mimicking of the breathing motions in the lung. Modulated strain on the 

artificial alveolus affects cancer cell proliferation and migration.  

 

With yearly ~ 160,000 deaths, lung and bronchus cancer is the leading cause of death of males in the 

United states.128 Non-small-cell lung cancer (NSCLC) is one of many lung cancer subtypes and makes 

up about 40% of the deaths caused by lung cancer. Hassell et al.129 investigated the growth of NSCLC 

on a human lung alveolus chip (Figure 2.8 d). The chip design was presented earlier by Huh et al.130 and 

allows to mimic a breathing motion by applying differential pressure, which deforms the artificial ‘alveo-

lus’. The NSCLC cells were seeded into the upper channel of the alveolar chip, where they integrated 

into the artificial epithelium. The authors were then able to study the effect of mechanical strain on tumor 

invasiveness. The breathing motion suppressed lung cancer growth and invasiveness significantly (by 

>50%; p < 0.001). The authors further speculated that the breathing motion might on the other hand 
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promote development of cancer persister cells that become resistant to a third-generation tyrosine kinase 

inhibitor drug. 

2.3 HYDRODYNAMIC EFFECTS ON CELLS ON STANDARD OPEN SUBSTRATES  

In recent years, microfluidic technologies have been used to perform localized processing on biological 

samples, such as adhered cells or tissue samples, or to pattern proteins, cells and other biomaterials on 

open substrates.131 This emerging field, often referred to as ‘open-space’ microfluidics, opens up new 

opportunities for cell handling and manipulation using hydrodynamic effects that are markedly different 

from those encountered in channel microfluidics. 

 
Figure 2.9. Hydrodynamic effects on adhered and suspended cells in open flows.  
(a) Open flow over adhered cells and corresponding momentum and mass transfer boundary layers. (b) Stagnation 

flow above a substrate covered with adhered cells and the corresponding boundary layer formation. (c) A suspended 

cell flowing over a flat surface in open flow and corresponding hydrodynamic forces on the cell. (d) A suspended 

cell in stagnation flow over a flat surface and corresponding hydrodynamic force on the cell. 

2.3.1 Review of basic hydrodynamics of adhered cells on open substrates 
The most important characteristic of cell manipulation on common substrates (Petri dishes, well plates, 

chambers or slides) is that the reagents or biomaterials of interest are dispensed on an open surface using 

a probe or dispenser tip. Accordingly, the fluid mechanics of open microfluidic systems is often a com-

bination of boundary layer growth on a flat plate and stagnation flow on a flat plate as shown in Figure 

2.9 a-b. 

Similar to our discussion of boundary layers inside a microfluidic channel, the laminar momentum boun-

dary layer grows on an open flat surface according to the Blasius solution in equation (2), indicating that 

as the fluid flows (increasing x) on a flat surface, a thicker layer of the fluid is slowed down by the shear 
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forces originating from the surface. As discussed, any mass transfer between the surface and the onco-

ming flow results in a mass transfer boundary layer as the concentration of the species transitions from 

the surface concentration, Cs, to the far-field concentration, C∞.  Equation (4) relates the thickness of the 

mass transfer boundary layer to the thickness of the momentum boundary layer. 

An important parameter for adhered cells on surfaces subject to fluid flow is the wall shear on the surface. 

For a flow configuration on an open surface, such as the one shown schematically in Figure 2.9 a, the 

wall shear can be found from the following relationship:39,40  
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where τwall is the wall shear stress and Cf is the friction coefficient. Often when processing an open sur-

face, the fluid flow is brought to the surface from the top rather than parallel to the surface. This flow 

pattern can be described by a stagnation flow pattern as shown in Figure 2.9 b. Stagnation flow is a 

classical boundary layer problem, and its detailed mathematical description is available in A2 . The most 

important features of stagnation flow are the boundary layer thickness and the wall shear stress. The 

boundary layer thickness is constant for stagnation flow and a function of the distance from the surface, 

H, and the oncoming flow velocity, V: 
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The wall shear stress for stagnation flow can be obtained as follows: 
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where U is the velocity in the x-direction outside of the boundary layer. Equation (25) indicates that the 

shear stress in an axisymmetric stagnation flow increases as the velocity and viscosity of the fluid in-

crease, whereas an increase in the distance between the jet and the surface will reduce the shear. 

 

2.3.2 Review of basic hydrodynamics of suspended cells on an open surface 

When a particle or cell is brought into the vicinity of a flat surface with a velocity parallel to the surface 

as shown in Figure 2.9 b, the particle experiences a force away from the surface. This lateral force is in 

addition to any hydrodynamic drag forces that the particle experiences in flow. The dimensionless dis-

tance from the wall is defined as  

ℎ∗ =
$láà
(

 ,         (26) 

where h is the particle distance from the surface and vs is the sedimentation velocity of the particle in a 

quiescent fluid. It has been shown that for h* << 1, the drift velocity (Vd) away from the wall for the 

particle can be obtained from the following relationship: 
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where a is the diameter of the spherical particle. At high distances from the surface, the drift velocity 

approaches zero because the wall effects become negligible.132–134 
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In contrast, the drag force acting on a particle with diameter d moving perpendicular to a solid surface at 

an approach velocity U (as shown in Figure 2.9 d) is given by 

ê = 6za*~í .         (28) 

The coefficient, λ, is calculated from a series function that is provided in Appendix 3. It is proportional 

to the particle diameter and has an inverse relationship with the distance from the surface. This signifies 

that the wall drag force is greater for larger particles and increases as the distance between the particle 

and the surface decreases.132 

2.3.3 Hydrodynamic cell manipulation in the ‘open space’  

Adhered cells are typically cultured on standard cytological substrates, such as Petri dishes, polystyrene 

culture flasks and treated glass slides. In certain cases, it is of interest to analyse specific cells from a 

culture at a given time point, while leaving the other cells untouched and ready for analysis at a later 

point in time. Accordingly, researchers have developed microfluidic techniques that can be operated in 

‘open space’ and are compatible with standard cytological substrates. Application of these techniques 

allows treatment of selected cells from a culture locally and at the micron length-scale by leveraging 

hydrodynamic effects without dramatically changing the native environment of the untreated cells. 

Guillaume-Gentil et al.135 used a fluid force microscope (FluidFM), which combines AFM with micro-

channels, to pattern or isolate single cells in an immersion liquid. Specifically, a pressure controller is 

connected to cantilevers containing microchannels with apertures on a nanometre length-scale. Using 

this force-controlled nano-injector, the authors isolated single HeLa cells from culture (Figure 2.10 a). 

First, the target cell was detached by delivery of trypsin at the FM tip. The cell was trapped by gentle 

aspiration and transferred onto a new substrate or deposited into a microwell. 

Another technology for the local treatment of cells with (bio)chemicals is the microfluidic probe (MFP). 

The MFP uses multiple apertures to establish a hydrodynamic flow confinement. A significant advantage 

of microfluidic probes over conventional micro- and nanopipettes is that flow confinement allows the 

localization of miscible liquids on the micrometre scale.  Microfluidic probes have been used to stain, 

lyse or detach adherent cells from the surface.136–138 For instance, Juncker et al.136 used the microfluidic 

probe to trypsinize an adherent fibroblast cell. After detachment, the cell was aspirated into the aspiration 

channel of the probe (Figure 2.10 b). Ainla et al.139 used a microfluidic pipette to perform single-cell 

pharmacological tests. Using confined superfusion and cell stimulation, they activated human transient 

receptor potential vanilloid type 1(hTRPV1) receptors in single cells, measured the response by means 

of a patch-clamp pipette, and induced membrane bleb formation by exposing selected groups of cells to 

formaldehyde/dithiothreitol-containing solutions (Figure 2.10 e). A demonstration of a microfluidic-

probe-based total analysis system was presented by Sarkar et al.140 Herein, a single cell was selectively 

exposed to lysis buffer using hydrodynamic flow confinement. Subsequently, the cell contents were as-

pirated into the probe and then mixed with assay reagents in integrated nanolitre-volume chambers for 

high-sensitivity single cell assays. Kinase and housekeeping protein activities from single hepatocellular 

carcinoma (HepG2) cells in an adherent tissue culture were then measured (Figure 2.10 c).  

Microfluidic probes have been further refined for diagnostic and research purposes for the life sciences. 

For example, open-space hydrodynamic devices have also been used to exert mechanical (shear) forces 
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on selected cells in an open and immersed environment. Gu et al.141 assessed the impact of fluid flow on 

axonal migration, producing turning angles of up to 90° by applying flows. Microfluidic flow simulations 

indicated that an axon may experience significant bending forces due to cross-flow, which are likely to 

contribute to the observed axonal bending. The flow rate was fixed at 2.5 µL·min-1 for the entire duration 

of the experiment (between 40 and 80 min). Of the actively growing axons (n = 23), 35% of the growth 

cones were found to respond to the microfluidic flow. Out of these flow-responsive growth cones (n = 

8), 78% followed the fluid flow direction, whereas 22% grew against the flow (Figure 2.10 d). 

Finally, for single-cell analysis of non-adherent cells in suspension, isolation of a single cell must be 

performed prior to the chemical or biological assay. Zhang et al.142 developed a hand-held single-cell 

pipette (hSCP) for isolation of single viable suspended SK-BR-3 cells directly from submicrolitre cell 

suspensions into nanolitre droplets without the assistance of any additional equipment (Figure 2.10 f). 

The pipette is of the dual-channel type, and contains both a positive and a negative pressure channel. 

Cells from a suspension are aspirated into the pipette through application of negative pressure. At the 

wall of the pipette, there is a hook in which a single cell is trapped. Next, the pipette is dipped into cell-

free medium to wash off the free flowing cells and ensure that the only cell in the pipette channel is the 

trapped cell. Thereafter, the trapped cell is reinjected by applying a positive pressure on the channel. 

 

 

 
Figure 2.10. Hydrodynamic manipulation of cells on immersed surfaces.  
(a) The fluidFM aspirates cells to the tip (negative pressure). A positive pressure pulse allows the cell to be placed 

at a selected location.  (b) Trypsin is hydrodynamically confined to a selected adherent cell until the cell detaches. 

After detachment, the cell is aspirated into the MFP head.  (c) Single cell analysis is leveraged by detaching a cell 

using hydrodynamic confinement of trypsin. The detached cell is then lysed and analysed on-chip. (d) Hydrodyna-

mics are leveraged to guide axons using a micropipette.  (e) Single cell drug testing is performed by confining 

pharmacological agents on a selected cell.  (f) The single-cell pipette is used to retrieve multiple cells from a sus-

pension culture, and trap a single cell from the aspirated cells. The method allows reinjection of the single cell.  

  



Hydrodynamics in cell studies 

29 
 

2.4 SUMMARY AND OUTLOOK 

We highlighted the importance of hydrodynamics in the study of wall-adhered and have emphasized the 

key physical forces that can be leveraged to influence and manipulate cells in microfluidic systems.  

By analysing the underlying physics and assessing selected applications (describing how hydrodynamic 

forces can be used to direct short- and long-term behaviour), we hope that we have been successful in 

illustrating the remarkable role that hydrodynamics plays in cellular behaviour. We have also introduced 

the concept of open microfluidics, where the advantages of microfluidic systems, in terms of precisely 

controlling microenvironments, can be leveraged in open substrates, which are the norm in the labora-

tory. Finally, we have presented the core hydrodynamic phenomena that underlie such surface probes, 

and described their potential for analyte localization or single-cell studies through examples.  

As noted, we believe that our analysis will be valuable for life-science researchers of varied backgrounds, 

in that it provides the necessary information and tools to understand and apply hydrodynamic effects and 

phenomena in the context of cell studies. However, each such analysis must be understood and assessed 

carefully before performing microfluidic cell manipulations. Indeed, parameters such as channel dimen-

sions, volumetric flow rates, fluid viscosity and substrate chemistry are recognized to significantly affect 

the development of a wide range of cells.  

There are several highly exciting new areas of cell biology being explored with microfluidics primarily 

as a means of a bioanalytical tool set. In this chapter, we focused on literature detailing advances in two-

dimensional microfluidic cell studies, which led to fundamental insights into molecular mechanisms in-

side and around single cells, or allowed to navigate cells along or against the streamline. 2D studies of 

cells are important to understand how single cells function, develop or move and how cells interact with 

their microenvironments such as neighbouring cells, chemical gradients or mechanical stimuli. Further-

more, through advances in microscopy, major discoveries in the field of mechanobiology have enabled 

a better understanding of the interplay between cells, cell populations and their mechanical environment 

such as hemodynamic, interstitial flows, rigidity of cells or the ECM. Efforts in the field of material 

science have also led to new biomimetic and biocompatible materials, which are non-toxic and can be 

used to tailor the mechanical properties of the microfluidic chip walls (such as Young’s modulus). Le-

veraging the gained knowledge in various research fields, in the past years, researchers have started to 

transition from 2D to 3D studies. Many research groups have been developing highly promising ap-

proaches towards organs-on chip for drug-screening, studying tumor progression, invasion, infections or 

the blood-brain barrier. 

Emulating physiological environments requires a thorough knowledge of the biochemical and mechani-

cal properties. Every cell type originates from a specific mechanical and chemical environment and will 

retain the proper functions only, if the microfluidic environment is modelled appropriately. This said – 

studies may be easily misleading and inconsistencies in the literature can be found, particularly when not 

all factors are considered in these highly complex studies such as organs on chip. Therefore, multidisci-

plinary teams with in-depth knowledge of not only biology, but also of the underlying physics and che-

mistry around cells, and how fluids and their associated properties affect them, are needed reach the goal 

of human body on-chip, which may eventually replace animal models. 
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Finally, we are of the opinion that the creative use of microfluidic tools in closed microchannels or on 

open surfaces will further grow significantly over the next decade, and enable the rapid, precise and 

efficient analysis of complex cellular populations. We hope that these developments will catalyse new 

scientific insights, discoveries, and even diagnostics devices and methodologies. 
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3 FLUORESCENCE IN SITU HYBRIDIZATION 
 

The content of this chapter is based on a manuscript submitted to Microelectronic Engineering and is 

reproduced here with minor modifications. 

 

D. Huber, L. Voith von Voithenberg, and G.V. Kaigala, ‘Fluorescence in situ hybridization (FISH): his-

tory, limitations and what to expect from micro-scale FISH?’, Microelectronic Engineering, 2018. 

 

Author contribution : Concept of the manuscript, drawing the figures and writing the manuscript.   
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3.1 FISH AND SOME HISTORICAL FACTS 

In situ hybridization (ISH) is an important class of cytogenetic techniques, allowing high-resolution de-

tection, quantification, and localization of nucleic acid targets. This allows the genomic and transcripto-

mic profile of single cells from cell culture, tissues or entire organisms to be studied even at the single 

molecule level. This technique relies on the sequence-specific hybridization of nucleic acid probes to 

their complementary targets within individual cells followed by direct or indirect detection of the labelled 

probe. A conventional ISH reaction is typically performed using a bench-top assay, by pipetting the ISH 

hybridization mix containing the probes onto the cytological sample, followed by an incubation step, 

before the sample is washed and the signals are inspected. Figure 3.1 illustrates the principle of in situ 

hybridization. 

 

Figure 3.1 In situ hybridization for visualization of chromosomal targets. 
Labelled DNA probes hybridize to their complementary target DNA sequence in the cell nucleus. The signal scan 

be visualized post-hybridization after a stringent wash, removing the hybridization mix from the surface. 

 

Early work was on development of the bench-top ISH implementation itself (70ies). Later work focused 

on improvement of probe labeling (80ies) and design of more specific probes and new probe types  

(90ies until now). Although ISH was developed in the 60ies, its physical implementation has only incre-

mentally changed since then. In recent years (2000’) new implementations of FISH emerged employing 

microfluidic devices to address some bottlenecks of the FISH assay, as shown in Figure 3.2. 

Incidentally ISH was developed and matured much later than immunofluorescence-based protein detec-

tion methods. While immunofluorescence was first used by Coons et al.143 in 1941 and started being 

regularly in the 50ies, first in situ hybridization (ISH) experiments were performed only ~ 30 years after 

Coons experiment by Pardue and Gall.144 In 1969, they tagged ribosomal RNA (rRNA) probes with H3 

to visualize rRNA-encoding genes in the organism Xenopus laevis and later they demonstrated first ISH 

in mammalian cells, visualizing satellite elements in centromeres of mouse chromosomes.145,146 These 

H3 probes were visualized with autoradiographic detection, which required long exposure times and thus  

experiments ranged over weeks, the background levels were high144 and further, the resolution was low 

(Megabases). 
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In the mid 70ies, a range of non-radioisotopic probes were developed, allowing for new detection options 

of the probe-target hybrids. These ISH probes were rRNA-biotin probes, which were indirectly detected 

via an avidin-based detection system, and visualized with a scanning electron microscope.147 

Similarly, the first fluorescence-based detection was an indirect detection of the probe using ‘duplex’-

specific antibodies for immunofluorescent detection of the hybridized unlabeled probe-target complexes. 

However, this technique suffered from the low affinity and specificity of the primary antibodies, resulting 

in diffuse signals and high background noise.148  

Thus, the more sophisticated implementations by Bauman,149 Singer and Ward150 are perhaps considered 

the first standard fluorescence in situ hybridization (FISH), on which the modern FISH implementations 

are still based today. Direct detection of chromosomal targets was reported by Bauman et al. in the 80ies, 

who labeled the 3’ ends of the probes with a fluorochrome.149 This technique on the other hand was 

limited to detection of long targets due to the low brightness of the individual probe sequences. Almost 

concurrently Langer et al. reported a new method for chemical base modifications allowing any type of 

haptens, enzymes or fluorophore to be conjugated to a nucleotide.151 Singer and Ward brought FISH to 

the next level, by generating probes with multiple haptens for efficient detection of RNA targets.150 They 

introduced biotinylated nucleotides to the unlabeled double stranded probe precursor by nick translation 

and demonstrated indirect detection of the probe using fluorescent antibodies.  

 

 

Figure 3.2 Timeline of fluorescence in situ hybridization.  

 

These demonstrations for direct and indirect detection of ISH signals and since fluorescence microscopes 

were being more frequently used, triggered research groups to advance the FISH probe synthesis and 

design, while the FISH implementation has barely changed since the early 80ies. 
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A range of different probe labeling techniques followed for generating densely labeled FISH probes such 

as digoxigenin labeling of the probe,152 cis-platinum complex-mediated labeling153 or polymerase chain 

reaction (PCR)154 and degenerate oligonucleotide primed PCR,155 among many others.156,157 This enabled 

efficient generation of probes carrying various labels for multiplex FISH,158–161 which led to new methods 

such as comparative genomic hybridization (CGH)162 for cytogenetic analysis of tumors, or spectral ka-

ryotyping by chromosome painting.163,164 

In addition to labeling improvements, also the specificity of FISH probes was tremendously improved. 

While first probes were generated by isolation of crude RNA to target large fragments of chromosomes, 

in the late 80ies, gene specific FISH probes could be generated from gene libraries (bacterial (BAC) and 

yeast artificial chromosomes (YAC)).165 However, those libraries generated from microdissected chro-

mosomes contain repetitive elements, which are spread across the genome. Thus, the FISH probes had 

the tendency to hybridize not only to the target but also to off-target sequences in the cells. Methods for 

masking such repetitive elements with salmon sperm or Cot-1 deoxyribonucleic acids (DNA) were deve-

loped,166 and only recently, Swennehuis et al. reported a method for enzymatic removal of repetitive 

elements to create unique, repeat-free FISH probes from BACs and YACs.167   

Due to advances in the Human Genome Project168,169 and oligonucleotide synthesis,170 synthetic FISH 

probes are now being increasingly used as they can be easily designed and synthesized. In addition to 

synthetic oligonucleotide-based FISH probes, also DNA analogue probes such as peptide nucleic acid 

and locked nucleic acid probes are regularly used in FISH experiments.171,172 Since they do not have a 

charged backbone compared with DNA, these nucleic acid analogues hybridize more efficiently and 

specifically than DNA due to minimal electrostatic interactions with the sample. 

Bioinformatic tools173 allow unique sequences in the desired region to be identified. These sequences can 

then either be amplified using PCR174–176 or chemically synthesized177 for generation of oligonucleotide-

based FISH probes. Such oligo-probes allowed for the first time with low noise178 using oligopaint prin-

ciple174,179 to visualize targets in plants, which are characterized by highly complex genomes containing 

many repetitive elements. Oligonucleotide probes are particularly powerful, since they can be specifi-

cally designed to be as sensitive to detect splicing variants180,181 and even single nucleotide polymor-

phisms.182,183 Lately, in situ hybridization based single-cell RNA sequencing approaches were developed 

using oligonucleotide probes flanked with primers for rolling circle amplification.184,185  

Following these developments, FISH has emerged to be a powerful cytogenetic method for analysis of 

cells and tissue sections at both transcriptome and genome level and since the 90ies, more than 2.73 

publications per day have appeared in the literature.186 In diagnostics, FISH is even considered as the 

gold standard cytogenetic method for detection of diseased or malignant cells containing chromosomal 

rearrangements187 or gene aberrations.188,189 

3.2 MICROFLUIDIC FISH IMPLEMENTATIONS 

Despite these merits of FISH-based approaches, their use for diagnostics is limited for several reasons. 

The FISH assay, consists of several steps, such as enzymatic treatment, fixation, denaturation, manual 

pipetting of probes, incubation, post-hybridization washes to remove unbound probes, which are all 
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sample-specific.190 Those steps are time consuming, and require experienced personnel and further, FISH 

probes are expensive and sophisticated imaging platforms are necessary to visualize spectrally distinct 

probes for multiplexed FISH. Further, as mentioned above, while the FISH probe design and generation 

has been impressively advanced, the physical implementation of FISH itself has only marginally changed 

since the 80ies. 

  
Figure 3.3 Selected examples of µFISH devices used for analysis of cells, tissue sections and microbes. 
(a) In a chemistrode,191 mobile plugs of droplets are created for cultivation of bacteria in droplets, wherein 16sRNA 

is detected with FISH (b) µflowFISH: elektrokinetic focusing of bacteria192 enable detection of 16sRNA in small 

volumes without cultivation using flow cytometric detection. (c) Miniaturization device using capillary forces resul-

ting for analysis of hematopoietic stem cells with 10-fold reduction of probe consumption.193(d) Cyclic Olefin Co-

polymer-based chip designed for increasing cell immobilization n the chamber and subsequent FISH analysis with 

10-fold reduction of probe consumption.194 (e)First fully automated microfluidic implementation195 with 10-fold 

reduced reagent consumption 1 h incubation time for detection of X and Y chromosome. (e) Microfluidic processor 

chip enables 20-fold reduction in probe consumption. In addition, flow-based incubation results reduction in hybri-

dization time196 (f) Nguyen et al.197,198 by flow-based incubation of FISH probes for assessment of the HER2 status 

of tissue sections (g) First µFISH device for analysis of tissue section, which. focused on automation of the assay199 

(h) Open-space microfluidic FISH implementation. A microfluidic scanning probe exposes selected cells to FISH 

probes.200 

 

In recent years microfluidic technologies have been emerged to powerful tool for studying cells32 among 

other bio-analytical methods. The microfluidic community has developed microfluidic FISH implemen-

tations (µFISH) for studying cytological samples. Devices were presented to solve some bottlenecks of 

FISH by reducing the cost per test, automating the assay,201,202 or simplifying the implementation.196 

Some selected implementations are illustrated in Figure 3.3. 
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A range of µFISH-based implementations were developed in combination with flow cytometry192, the 

chemistrode,191 Figure 3.3 a-b, Förster resonance energy transfer (FRET),203 and immunostaining204 for 

analysis of microbes and mammalian cells. µFISH-based approached were also for detection of  chro-

mosomal translocations on metaphase spreads.205,206 In the context of diagnostics of mammalian cells, 

devices primarily comprising closed microfluidic channels or reservoirs have been developed to minia-

turize FISH assays for prenatal diagnostics207 and the analysis of circulating tumor cells194,208–210 or can-

cer malignancies193,211,212 (Figure 3.3 c-e). For µFISH-based diagnosis of tissue sections, Kao et al. fo-

cused on automation of the assay199 by static hybridization and Nguyen et al.197,198 by flow-based incu-

bation of FISH probes for assessment of the HER2 status of tissue sections (Figure 3.3 f-g). Both ap-

proaches resulted in reduction of reagent consumption. Flow-based incubation was shown to result in 

convective delivery of probes thereby reducing the incubation and hybridization time from 8h to 35 min 

to 2 h incubation time or lower, depending on the type of hybridization buffer used. For RNA FISH in 

tissue sections, the Histo Flex213 method implemented localized and multiplexed RNA FISH by placing 

an elastomeric lid patterned with microfluidic channels on tissue sections and then flowing reagents to 

perform local FISH on certain cells. 

 

3.3 MICROFLUIDIC FISH IMPLEMENTATIONN THE ‘OPEN SPACE’ 

There is an emerging trend in the microfluidics community on the so called ‘open-space’ microfluidics. 

These technologies enable (bio)chemical analysis of ‘native’ substrate at the micrometer length-scale, 

without the need for immobilization thereof within the microfluidic channels. Such substrates could be 

cells on Petri dishes, tissue sections, cell blocks, or any specimen immobilized on a surface (Figure 3.3h). 

Examples of open-space technologies are the chemistrode,214 multifunctional pipette215 or the fluid force 

microscope,216 single-cell pipettes142 or the microfluidic probe (MFP), of which the chemistrode and 

MFPs were used for µFISH. We think, the MFP a non-contact scanning probe technology, which loca-

lizes reagents to perform local chemistry on selected areas at the micrometer length scale on immersed 

substrates, is a highly promising technology for implementing µFISH. By hydrodynamically confining 

the reagent between the two apertures, the reagent is localized at the tip of the scanning probe (Figure 

3.3h). The probe apex is positioned 10’s of µm from the immersed surface.  

 

Using this technology, we recently developed an MFP-based µFISH method.190 In the context of FISH-

based analysis of cells, we demonstrated MFP-based chromosomal enumeration in cell monolayers and 

reduced the hybridization time to 10 min and the probe consumption to 2 µL. This method allows spa-

tially multiplex FISH analysis to be performed on a single sample using probes targeting different chro-

mosomal regions, without physical contact between the sample and the device. Further, we reported that 

this method is also compatible with HER2 assessment of breast tumor samples with 15 min incubation 

time and a probe consumption of 107 nL per test, which is an ~100× reduction compared with the stan-

dard protocol. In addition, these MFP-based methods allow FISH reactions to be monitored in real-time 
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and subsequently enable measurements of the FISH hybridization kinetics. In a recent study, we demons-

trated real-time monitoring of FISH assays by measuring the effects of various buffer components on the 

hybridization rate. The details of these assays are presented in chapters 4-6 in this thesis. 
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4 MICRO FLUORESCENCE IN SITU HYBRIDIZATION FOR CY-

TOGENETIC ANALYIS OF CELL MONOLAYERS 
 

The content of this chapter is based on an article published in Biomedical Microdevices, and is reprodu-

ced here with minor modifications and with permission from Springer. 

 

D. Huber, J. Autebert and G.V. Kaigala, Micro fluorescence in situ hybridization (µFISH) for spatially 

multiplexed analysis of a cell monolayer, Biomedical Microdevices, 2016, 18 (2), 40. 

 

The original article can be accessed at: https://link.springer.com/article/10.1007%2Fs10544-016-0064-0 

 

Author contribution : Design of experiments, experimental procedures, image acquisition and analysis, 

drawing the figures and writing the manuscript. 
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4.1 INTRODUCTION 

In situ hybridization (ISH) is an important class of cytogenetic techniques, allowing high-resolution de-

tection, quantification, and localization of nucleic acid (NA) targets. ISH is performed without isolation 

of the targets from their source, i.e., in situ, and is widely used in research and diagnostics. ISH was first 

demonstrated by Gall and Pardue in 1969144 using radioactive rRNA probes to visualize extrachromoso-

mal rDNA. Later, the first non-radioisotopic ISH was demonstrated by Manning et al. in 1975 using 

rRNA-biotin probes and an avidin-based detection system.147 A key milestone in ISH-based techniques 

was fluorescence in situ hybridization (FISH).149 This technique allowed the direct and simultaneous 

detection of multiple targets. Advances in fluorescence microscopy, fluorescent dyes, biotechnology, 

bioinformatics, and research on the human genome project in the late 90’s accelerated the development 

of methods to synthesize and design NA probes for FISH. 

Multiplexed FISH is often used to locate multiple targets in a cell nucleus simultaneously using probes 

of different colors, in order to study sparse cytological substrates.217 However, the number of spectrally 

distinct fluorophores for multiplexed FISH is limited. To visualize additional targets simultaneously, 

fluorescent probes of different fluorescence intensities were used to distinguish the complete set of hu-

man chromosomes in situ.159 Quantum dots (QD) allow the resolution of even more colors as they have 

narrow emission bands with minimal spectral overlap.218 However, QD are bulky (15–20 nm), and QD-

DNA constructs have a lower mobility than free DNA219 and are therefore seldom used for direct detec-

tion of targets in FISH.171 

Despite the power of FISH-based approaches, their widespread use for diagnostics is limited for several 

reasons. Conventional implementations of FISH comprise several steps, such as sample-specific enzy-

matic treatment, fixation, denaturation, manual pipetting of probes, incubation, post-hybridization 

washes to remove unbound probes, and endpoint visualization, Figure A.1. Those steps are mostly per-

formed manually, are time consuming, and require experienced personnel. In addition, FISH remains an 

expensive test owing to the high price of probes. Further, expensive imaging platforms are necessary to 

visualize spectrally distinct probes for multiplexed FISH, and highly skilled personnel. To make FISH 

assays more pervasive in diagnostics, there is therefore a need to reduce the cost per test, introduce auto-

mation, and simplify the implementation of multiplexed analysis.  

 

There are a few microfluidic platforms that implement FISH to address some of the challenges outlined 

above, for instance, to automate FISH analysis201,202 and to increase throughput.196 Within such micro-

fluidic platforms, interphase FISH has been integrated with a range of analytical techniques, such as flow 

cytometry,192 chemistrode.191 Förster resonance energy transfer (FRET),203 and immunostaining.204 Mi-

crofluidics-based devices have also been used to analyze specific chromosomal translocations within 

spread metaphases on slides205,206 In the context of diagnostics, devices primarily comprising closed mi-

crofluidic channels or reservoirs have been developed to miniaturize FISH assays for prenatal diagnos-

tics207 and the analysis of circulating tumor cells194,208–210 or cancer malignancies.193,211,212 All these im-

plementations need cell immobilization within microfluidic systems or surface treatment to ensure cell 

adhesion. Other microfluidic implementations are suitable for cell suspensions,191,192,203,204 but unsuitable 
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for the analysis of cytological samples forming monolayers, such as adherent cells, fixed cytological 

samples and tissue sections. Working with such adherent biological substrates is vital as the retrieval of 

immobilized cells from their substrate prior to flowing them in closed channels may introduce nuclear 

damage, thereby impeding hybridization and subsequently the result itself.  

In this chapter, we demonstrate an interactive and versatile implementation of µFISH on cell monolayers 

at the micrometer-scale using a microfluidic probe (MFP). The MFP is a non-contact, scanning probe 

technology that localizes nanoliter volumes of liquids on substrates using hydrodynamic flow confine-

ment (HFC).138 With this technology, we can precisely localize (bio)chemicals on standard biological 

substrates in the “open space”, i.e., without the need for inserting the biological entities into closed chan-

nels. Prior demonstrations with MFPs 220–222 are micro-immunohistochemistry on tissue sections,223 pat-

terning of cells,224 cell inactivation, 138 local lysis of cells for expression analysis,137 high-quality protein 

patterning.225 In this work, we specifically use a vertically-oriented probe head and hierarchical HFC 

(hHFC) to expose a cell monolayer to multiple processing liquids simultaneously.226 The localization 

and scanning capabilities of this technology allow incubation of FISH probes on selected cells on a mo-

nolayer. We also perform spatially multiplexed µFISH, which cannot be performed using conventional 

FISH protocols as the latter entail covering the entire cell monolayer with the probe mix,  

Figure 4.1. In this spatially multiplexed µFISH, we incubate spectrally equivalent probes on distinct areas 

of a cell monolayer, and visualize the FISH signals with a simplified detection system.  

 

 
 

Figure 4.1. Schematic of key steps in conventional FISH and in µFISH. 
(a) Using a pipette in conventional FISH, CEP7 probes are deposited on the entire cell monolayer. After post-pro-

cessing, an endpoint observation is made. (b) In µFISH implemented with an MFP, CEP7 probes are localized on 

selected cells, and the FISH signal is inspected in real time. After incubation, the liquid is switched in the MFP head, 

scanning is performed, and different cells are exposed to CEP17 probes. FISH probes specific to the centromeric 

region of chromosome 7 and chromosome 17 were used in (a) and (b). 
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4.2  MATERIALS AND METHODS 

4.2.1 MFP head and platform  

The microfabricated MFP head is a key component of the platform and contains the channels for fluid 

flow, Figure 4.2. The microfabrication of the silicon–glass hybrid heads has been described elsewhere 
138. The design comprises four channels, with two for injection and two for aspiration. The two outermost 

channels replenish the immersion liquid on the substrate and do not interact with the surface directly. 

These channels, etched to a depth of 100 µm, converge towards the apex and form four apertures I1, I2, 

A1 and A2, with the outer aperture dimensions 100 × 200 µm2 (I1 and A2, with flow rates Qi1, Qa2) and 

the inner aperture dimensions 100 × 100 µm2 (I2 and A1, with flow rates Qi2, Qa1). To establish an hHFC, 

the flow rules are conventionally set to be Qi2 = |Qa1| and |Qa1 + Qa2| = 3 × (Qi1 + Qi2.).226 Here, these flow 

rules were set to account for the viscous FISH probes in the processing liquid, and the flow rates were 

accordingly set to 1, 0.2 µL min–1 (Qi1, Qi2) and –0.2, –2 µL min–1 (Qa1, Qa2),  Figure 4.2 b.The MFP 

platform comprises linear stages to control the position of the head relative to the substrate, syringe 

pumps, an environmental chamber, and a microscope, Figure 4.2 c. The head was mounted to the z-stage 

of the platform via a mounting plate and linked to the syringes (Hamilton, 1705 TLLX) with a connector 

(Dolomite, 8-ports circular connector), tubing and adapters (IDEX, Tygon). The stages are computer-

controlled and motorized (Lang GmbH, Hüttenberg, Germany), with a sub-micrometer accuracy. The 

apex-to-surface distance as well as the x- and y-coordinates were monitored using the encoded position 

of the stage. Flow rates were set with Nemesys pumps (Cetoni GmbH, Korbussen, Germany) and Qmix 

software (Cetoni GmbH, Korbussen, Germany). 1000 µL and 250 µL syringes were filled with 1× sodium 

citrate saline (SSC) (from 20× SSC stock, 3.0 M NaCl, 0.3 M sodium citrate, pH 7.0, Thermo Fisher 

Scientific, Cat. No. 15557-044). An environmental chamber (Life Imaging Services GmbH, “The Cube 

and the Box”) enclosed the platform and the microscope, Figure 4.2 c. 

 

 
Figure 4.2. µFISH implemented with the microfluidic probe.  
The MFP head (a) comprising of four apertures is connected to the fluidic systems to create an hierarchal HFC (b) 

with FISH probes in the inner HFC. The entire MFP platform and is placed in an environmental chamber (c). 
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4.2.2 Cell handling and preparation  

MCF-7 cells (American Type Culture Collection (ATCC), HTB-22, breast adenocarcinoma) were cultu-

red as recommended by ATCC. Cells were seeded in chamber slides (Thermo Fisher Scientific, Cat. No. 

10717931) at a density of 105–106 cells cm–2. After 2–3 days, the monolayer was washed with phosphate-

buffered saline (PBS, pH 7.4, Thermo Fisher Scientific, Cat. No. 10010-023) and heat immobilized at 82 

°C for 2 min. Next, the cells were rinsed with PBS and digested using pepsin at 37 °C for 8–10 min 

(Leica Biosystems, LK-101(a). Subsequently, they were rinsed with 2× SSC (from 20× SSC stock, 3.0 

M NaCl, 0.3 M sodium citrate, pH 7.0, Thermo Fisher Scientific, Cat. No. 15557-044) and fixed using 

Carnoy’s fixative (ethanol: acetic acid 3:1 (v/v). Sigma Aldrich, Cat. No. 02860 and 537010) at 4 °C for 

40 min. Finally, the cells were dried for 5 min at room temperature (RT), washed with 2× SSC for 1 min 

twice, and then renatured in 2× SSC at 37 °C for 20 min.  

4.2.3  Conventional FISH protocol 

The compartments of the chamber slides were removed, and 10 µL FISH hybridization mix was deposi-

ted onto the cells (2 µL FISH probes in 8 µL FISH hybridization buffer). Buffer (KBI-FHB) and centro-

meric probes with a Platinum Bright550 dye (KBI-20017R and KBI-20007R) were purchased from Leica 

Biosystems. These cells with the probes were coverslipped (Menzel, Braunschweig, Germany). Probes 

and chromosomes were denatured at 75 °C for 5–10 min and then incubated at 37 °C in a dark, humidified 

chamber. The coverslip was removed, and non-specifically bound probes on the chamber slide were 

removed by washing twice with 0.1 % IGEPAL CA-630 in 2× SSC (v/v) for 1 min at RT and with 0.3 

% IGEPAL CA-630 in 0.4× SSC (v/v) at 72 °C for 2 min (Sigma Aldrich, Cat. No. I8896). Subsequently, 

an additional wash was performed with at RT for 1 min. The cells were then mounted with mounting 

medium containing DAPI (Thermo Fisher Scientific, Cat. No. S36938) for inspection. 

4.2.4 µFISH protocol 

The compartments of the chamber slides were removed, the cells were immersed in 10 µL FISH buffer, 

sealed with a coverslip, and the chromosomes were denatured at 75 °C for 5–10 min in FISH hybridiza-

tion buffer. 5 µL FISH hybridization mix (section 2.3) was denatured separately at 75 °C for 5 min in a 

PCR tube (VWR, Cat. No. 20170-012). Hoechst dye was added to the probes at a concentration of 0.2 

µg mL–1 (Thermo Fisher Scientific, Cat. No. H3570). These probes were pipetted onto a sheet of parafilm 

and aspirated into the inner aperture (I2) of the head. Concurrently, the coverslip was removed from the 

chamber slide, and the cells were immersed in 1× SSC. This chamber slide was transferred to the sample 

holder of the MFP platform, and the head was positioned ~20 µm above the monolayer. The flow confi-

nement was established using the flow rules defined in section 2.1. The probes described above were 

injected from I2, and was injected from I1. Aspiration of probes and was performed from A1 and A2, 

respectively, Figure 4.2 a.After a 10 min of interaction of the hHFC with the cells (equivalent to 10 min 

of incubation), Qi2 and Qa1 were stopped, and the cells were washed with flowing between the outer 

apertures for 2 min. The head was positioned away from the slide before imaging.For multiplexing, the 

head was positioned away from substrate after the first probe hybridization wash, and 20 µL of was 
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purged from A1 and I2, and 50 µL from A2 and I1, to avoid cross-contamination of the different probes 

used. Subsequently, the probe-loading procedure explained above was repeated. 

4.2.5 Image acquisition and processing 

Both the endpoint observation for conventional FISH and the real-time observation for µFISH were per-

formed using an inverted microscope at 10×, 40× and 60× magnification (Nikon Eclipse Ti-E with ob-

jectives CFI Plan Fluor DLL 10×, ELWD 40× and ELWD 60×, respectively). An LED lamp (Sola, Lu-

mencor) was used for excitation. Image acquisition was performed using an ORCA-flash 4.0 camera. 

For imaging, the NIS Elements Basic Research software (Nikon Instruments Europe, V.4.0) was used. 

Brightness and contrast adjustments of raw images as well as merging were done using the open-source 

FIJI (Image(j) software (http://fiji.sc/Fiji), Figure 3.7.  

 

 
 Figure 4.3. Raw fluorescent micrographs acquired with DAPI and FITC filter cubes and merged image 

constructed after assigning pseudocolors to the respective micrographs. 

4.3 RESULTS AND DISCUSSION 

4.3.1 Chromosomal enumeration in MCF-7 monolayers 

We performed the sequence-specific hybridization of probes, a key step in FISH, using the MFP. For the 

model system, we used an immobilized MCF-7 cell monolayer and the centromeric probes (satellite 

enumeration probes) CEP7 and CEP17 to visualize chromosome 7 and 17, Figure 4.1 a. We chose cen-

tromere-specific probes because they are used in diagnostics, for example, in the assessment of the HER2 

status in breast cancer cells. In particular, CEP17 probes are used to normalize the ERBB2 gene to the 

chromosome 17 counts. A subpopulation of cells in the monolayer was incubated with probes, Figure 

4.4 a. The MFP head used in this work has two inner apertures of 100 × 100 µm2 that are spaced by 50 

µm. Using this head, we localized the probes to a footprint (area) of ~0.096 mm2, equivalent to the area 

of about 1000 cells. We detected a FISH signal in this subpopulation of cells and found no detectable 

signal beyond this footprint. In contrast, in conventional FISH, the entire monolayer is covered with 

probes during the incubation step, Figure 4.1 a-b.  
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Figure 4.4. Conventional FISH and µFISH with the MFP on an MCF-7 cell monolayer. 
(a) Fluorescence micrograph showing the four apertures, with the dashed line outlining the confined processing 

liquid in contact with MCF-7 cells. The processing liquid contains CEP7 probes. (b) Fluorescence micrograph after 

µFISH was performed on MCF-7 cells with 10 min incubation, showing multiple FISH signals specific to centromere 

7 (red) in each nuclei (blue). (c-d) Fluorescence images of FISH signals after incubation of 8 h and 10 min with 

conventional FISH. 

 

A specific challenge to implement µFISH with the MFP is the viscosity of the probe mix. The FISH 

probe mix is viscous, largely owing to the presence of dextran sulfate, which serves to increase the probe 

concentration and consequently improves the hybridization efficiency.227 A processing liquid with a high 

viscosity of the probe mix has two important implications for liquid localization with the MFP. First, the 

localization of a liquid at the apex of the head is due to the non-symmetric flow rates between the injec-

tion and aspiration apertures (Qa ≥ 3 × Qi) resulting in a continuous flow of the viscous processing liquid 

on the cell monolayer. This interaction of the localized viscous processing liquid exerts increased shear 

(shear increases linearly as a function of viscosity), which leads to delamination of the cell monolayer. 

To prevent delamination of cells, we operated the MFP at 0.2 µL min–1, the lowest flow rate our fluidic 

system permitted. Second, at these low flow rates, we increased the injection and aspiration flow rates of 

the shaping liquid to ensure that the viscous processing liquid remains confined. By operating the MFP 

under these conditions, we were able to confine the viscous processing liquid and to prevent cell delam-

ination, even when incubation was performed for an extended duration of 2 h. We noted that diluting the 

probe mix with reduces the viscosity, but results in an increased incubation time. 

A useful attribute of the MFP-based µFISH implementation is the ability to observe the FISH signal in 

real time. We observed centromere-specific FISH signals within 3 min of initiating the probe incubation 

step with the MFP, which is approximately a 120-fold reduction in the incubation time recommended by 

the probe supplier. This 3 min incubation translates into a probe consumption of 0.6 µL with Qi2 of 0.2 

µL min–1. Although surface areas covered are different, the reduction in the volume used for µFISH 
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implies that more than 16 slides could be processed using our device, with the volume used in conven-

tional FISH (10 µL) for a single slide. Moreover, we compared the FISH signals under three different 

conditions (Figure 4.4): (i) conventional FISH with 8 h incubation, (ii) conventional FISH with 10 min 

incubation, and (iii) µFISH with 10 min incubation. We observed that the µFISH results with 10 min 

MFP-based incubation were better (higher intensity of spots and lower background) than those for 10 

min of conventional incubation (Figure 4.4 d) and comparable to those of 8 h of conventional incubation 

(Figure 4.4 c). We hypothesize that the reduced incubation time is largely due to the continuous replen-

ishment of the FISH probe mix on the cell monolayer. In contrast, in conventional FISH the probes 

diffuse overnight on top of the cells, resulting in the creation of a depletion layer, further lowering the 

concentration of probes accessing the cell monolayer.  

Independently, using our MFP-based implementation, we also observed a significant reduction in the 

cell-rinsing time compared with conventional rinsing. We substituted a single rinsing step for conven-

tional rinsing methods comprising three 6-min steps and including detergents. At the end of probe incu-

bation, we stopped the flow of FISH probes in the inner two apertures, whereas the flow of shaping liquid 

(SSC) continued. This continuous flow of SSC buffer as shaping liquid removes unbound probes within 

1 min of rinsing, resulting in a very low background. Conventional rinsing uses detergents that can alter 

the structural integrity of cell membranes. Efficient rinsing with the MFP obviates the use of such deter-

gents, thereby leaving the cytoskeleton minimally affected, which might be critical in certain applica-

tions, and eliminates the need for further manual manipulations of the cells prior to observation. 

4.3.2 µFISH enables spatially multiplexed cytogenetic analysis of scarce samples 
Spatially multiplexed µFISH is particularly relevant to resolve multiple targets simultaneously. We chose 

two probes (CEP7 and CEP17), and incubated them on two distinct areas on the MCF-7 cell monolayer 

(Figure 4.5). The footprints chosen were spaced ~200 µm apart (Figure 4.5 a), and within them cells were 

incubated for 10 min with CEP7 and CEP17 probes, respectively. The dyes on the CEP7 and CEP17 

probes were spectrally equivalent. We obtained comparable results for µFISH signals with 10 min MFP-

based incubation (Figure 4.4 b) and for multiplexed µFISH results with 10 min MFP-based incubation 

(Figure 4.5 b-c). The implication of this spatially multiplexed µFISH is that, in practice, it may now be 

possible to multiplex a large number of FISH probes on a single substrate, e.g., by sampling and perfor-

ming different tests across different regions of a heterogeneous tissue sample. Moreover, because of the 

precise localization of the FISH signal, it allows the use of spectrally equivalent probes, whereas in con-

ventional FISH, probe dyes have to be spectrally distinct. Thus, a low-cost, mono-wavelength imaging 

device can now potentially be used to observe multiplexed µFISH.  
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Figure 4.5. Fluorescence images of spatially multiplexed µFISH with the MFP.  
(a) Two regions of the MCF-7 monolayer were chosen for spatially multiplexed µFISH. Nuclei in selected staining 

regions were stained with Hoechst dye (blue). (b) Fluorescence micrographs of hybridization region with CEP7 

signal (red) and (c) hybridization region with CEP17 signal (green) in MCF-7 cell nuclei (blue). 

4.4 CONCLUDING REMARKS 

The µFISH implementation demonstrated here is a versatile technique to perform rapid, spatially multi-

plexed analysis of nucleic acids in adherent cells. This technique is characterized by significantly shorter 

incubation time, has better probe budgeting and utilization, is compatible with other steps in the standard 

workflow of conventional FISH (Figure A.1), and, most importantly, facilitates performing simultaneous 

tests on a given budget of sample. Probe consumption can be further reduced by implementing liquid 

recirculation, i.e., by circulating the probes back and forth between the inner apertures of the head as 

described in Ref. 225 However, we note that recirculation of viscous probes within the MFP is yet to be 

explored and may impose special considerations on the fluid-handling system.  

Specifically, MFP-based µFISH with CEP7 probes on MCF-7 cells resulted in an ~120-fold reduction of 

hybridization time compared with a conventional FISH implementation, likely due to convective-enhan-

ced transport of probes and more efficient rinsing than in conventional FISH implementations. Ap-

proaches to improve these characteristics include optimizing flow rates, pinching the flow confinement, 

including agents to influence molecular crowding, and optimizing the temperature, for example. Further, 

the ability to perform real-time observation and the ability to switch liquids at the apex of the head on 

time scales of ~0.5 sec228 now make it feasible to periodically measure the evolution of the FISH signal 

and estimate optimal signal-to-background values.  
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In our experiments, we used a head design that results in an HFC footprint of ~0.096 mm2, which tran-

slates into a coverage of ~1000 cells on the surface. We chose to interact with 1000 cells as this is statis-

tically representative of a multiplexed cytological smear. This HFC footprint area can be scaled up to the 

millimeter-scale with some modifications to the size and design of apertures.229 More interesting, perfor-

ming µFISH with the MFP on fewer cells in order to get a higher resolution spatial profile across as 

sample is likely to be useful in the context of selected research questions. In terms of microfabrication 

of the heads, apertures sizes of 2 × 2 µm2 have been demonstrated138 that could result in footprints of 10 

µm2; however, a challenge observed in preliminary experiments is that channels of small dimensions are 

prone to clogging with cell debris during operation.  This can be overcome by liquid shaping-based so-

lutions226 combined with a reasonable reduction in aperture size. Nonetheless, with the current HFC 

footprint dimensions, it is theoretically possible to perform several hundred individual tests on a cytolo-

gical sample of an area of 1 cm2 using spectrally equivalent probes, which in practice could still be done 

on a timescale of hours owing to the short incubation times and better rinsing with the MFP-based µFISH. 

In our demonstration, we successfully exposed distinct footprints sequentially to distinct FISH probes, 

aided by manual switching of the probes. In addition, multiple regions on the monolayer could be expo-

sed to different processing liquids in parallel using a head with multiple pairs of apertures for multiple 

flow confinements. We believe that such a multiplexed analysis will significantly improve the range of 

cytological tests feasible not only on cell monolayers, but also on tissue sections, resulting in improved 

and more accurate tissue profiles for diagnosis. Finally, µFISH, which can be used with any type of 

probe, means that a wide variety of targets can be assessed. We are confident that in addition to DNA-

level in situ analysis of biological samples, it can, for example, be used in the future for combined quan-

tification of RNA, and therefore provide a comprehensive profile for detailed cytological analysis. 
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5 RAPID MICRO FLUORESCENCE IN SITU HYBRIDIZATION 

IN TISSUE SECTIONS 
 
 

The content of this chapter is based on an article published in Biomicrofluidics and is reprodu-

ced here with minor modifications and with permission from the American Institute of Physics. 

 

D. Huber*, and G.V. Kaigala. Rapid micro fluorescence in situ hybridization in tissue sections, 

Biomicrofluidics, 2018, 12 (4), 042212. 

 

The original article can be accessed at : https://doi.org/10.1063/1.5023775 
 

 

 

Author contribution : Project planning, design of experiments, all experimental work, data ana-

lysis, drawing the figure and writing the manuscript. 
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5.1 INTRODUCTION 

The most common cancer in females is breast cancer with 464’000 new cases alone in 2012, of which 

131’000 cases were lethal1. While the breast cancer incidence rate has been increasing, the death rate has 

decreased by 40% since the 90ies.2 This is likely due to early detection of the solid tumor linked to efforts 

in public health to improve awareness among women (at risk) and routine screening. Further, the detec-

tion of breast cancer related biomarkers through genomic and transcriptomic analysis allows reclassifi-

cation of the tumors into molecular subtypes3,4 such as Luminal A (ER+, PR+, HER2-), Luminal B (low 

p53 mutation, ER+, PR+, HER2++), Basal-like (Triple-negative) or  HER2++ (Figure 5.1). Associated 

subtype-specific targeted therapies have led to more effective and successful treatment of patients and 

increased the survival rates3,4.  

In particular, the HER2-positive subtype is an aggressive form of breast cancer and generally associated 

with poor prognosis.231 Overexpression of the HER2 membrane protein occurs in 18-20% of breast tu-

mors.232 Assessment of the HER2 status is therefore important to determine whether a patient qualifies 

for the targeted antibody-based anti-HER2 therapy, an adjuvant to standard breast cancer chemotherapy. 

HER2 status assessment is not only important in breast cancer but there is even evidence that HER2 

testing may be beneficial in gastric233 and gynecological234 malignancies. Techniques such as immuno-

histochemistry (IHC), polymerase chain reaction (PCR), enzyme-linked immunosorbent assay (ELISA), 

Southern blotting or in situ hybridization (ISH) are used to determine the HER2 status. As recommended 

by the American Society of Clinical Oncology / College of American Pathologists (ASCO/CAP),235 IHC 

(protein level) and FISH (gene level) are the most common techniques for HER2 assessment in diagnos-

tics.  

IHC continues to be the ‘gold standard’ for HER2 testing in most diagnostic laboratories despite the 

bottlenecks outlined below. IHC relies on antibodies binding to the HER2 antigen on the cell membrane 

and their subsequent detection by a labelled secondary antibody. The samples are graded from 0 to +3 

according to the staining intensity of the sample (0: no expression, +1: weak expression, +2: equivocal, 

and +3: high expression). Only samples scored with grade +3 qualify the patient for the targeted anti-

HER2 therapy. However, approximately 20% of results obtained using IHC for HER2 testing are inac-

curate.236 IHC results are not quantitative, since the staining intensity is assessed by eye resulting in 

subjective grading of the tumor and thus the results often differ between different laboratories. Further, 

loss of sensitivity secondary to antigenic alterations237 caused by standard fixation procedures and batch-

to-batch variations of the antibody238 can alter the staining performance. In addition, staining results are 

often not clear and reported as equivocal. In this situation, a second test – ISH as suggested by the 

ASCO/CAP guidelines236 – is needed to assess the HER2 amplification status, delaying diagnosis and 

requiring additional samples (Figure 5.1).  

In contrast to IHC, in situ hybridization is a cytogenetic method and, specifically for HER2 testing, relies 

on ISH probes, labelled nucleic acid sequences, that hybridize to the locus of the HER2 gene on chro-

mosome 17 and the centromeric region of chromosome 17 (normalization probe)144 (Fig. 1c).  It was 

reported that 90-95% of breast carcinomas that overexpress HER2 do so secondary to HER2 gene am-

plification.239,240 An ISH result is positive if HER2/Cen17 ratio ≥2 or the average HER2 copy number ≥6 
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signals/cell, and negative if HER2/Cen17 ratio <2 according to the 2013 ASCO/CAP guidelines236 (Fi-

gure 5.1). ISH is a specific method241 and since each ISH signal represents a single copy of a gene, it is 

considered more quantitative and accurate than standard IHC. Despite these merits of ISH, it is not a 

routine diagnostic procedure; it is primarily used to assess the HER2 status of the patient samples, which 

were reported as IHC equivocal.236 This is the case because ISH tests are time consuming ranging from 

one to several days, the reagents are expensive, especially the FISH probes, and highly trained personnel 

are required in the diagnostic laboratories.  

 
Figure 5.1. HER-2 classification of FFPE tumor samples.  
(a) Preparation steps for FFPE tissues from solid tumors. (b) Representative HER2 testing algorithm in diagnostics.  

(c) FISH probes for HER2 classification bind to the locus of HER2 gene (red) and centromeric region (green) of 

chromosome 17. The HER2 locus is located on the q12 arm of chromosome 17.  

 

To make ISH pervasive in diagnostic laboratories, the microfluidic community has been developing mi-

niaturized implementations for ISH-based analysis of cells and tissue sections. For analysis of cancer 

cell lines, devices were presented to miniaturize the assay of both adherent193,206,211 and non-adherent 

cells,208–210 while other implementations focused on automation of the assay.171,195 For FISH-based mi-

crofluidic analysis of FFPE tissue sections only a few implementations have been reported; Kao et al. as 

an example focused on automation of the assay199 and reduced the FISH probe consumption from 10 µL 

to 2 µL with 16 h static hybridization resulting in a turnaround assay time of 20 h. Using flow-based 

FISH probe incubation for 4 h, Nguyen et al.197 reduced the FISH probe consumption to 2 µL and the 

turnaround assay time from >24 h to 8 h. They use a PDMS device, which is contacted with the tissue 
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section and FISH probes are loaded into the microchannels for hybridization. In a recent study,198 they 

presented extra short incubation microfluidic assisted  (ESIMA) FISH for HER2 testing of tissue sections 

with an incubation time of 35 min and probe consumption of 3 µL per test using the recently reported 

Instant Quality (IQ) FISH buffer.242  

While microfluidic implementations solved some bottlenecks of FISH by reducing the reagent consump-

tion, the turnaround time or the work load of the FISH assay, those ‘closed’ microfluidic FISH methods 

are limited due to the need for a microfluidic chip that is clamped to the tissue section. Further, the 

geometry of the microchannels are fixed and therefore do not adapt to the varying histology between 

tissue sections from different sources.  

 

Here, we present a specific class of microfluidic-based ISH methods for rapid, economic and efficient 

molecular subtyping of tumor sections using a microfluidic scanning probe (MFP). In contrast to the 

traditional microfluidic devices, the MFP is a scanning, non-contact technology, which allows reagents 

to be shaped in the ‘open space’. This allows microfluidics-based FISH to be performed on cells in se-

lected regions of the tissue section without physical contact between the device and the cytological 

sample. In previous work,190 we introduced the concept of microfluidics-based FISH (µFISH) with an 

MFP where we demonstrated spatially multiplex micro-scale FISH on cells. To demonstrate the diagnos-

tic use of µFISH with an MFP, here we present methods and protocols for rapid HER2 status assessment 

of FFPE cell blocks and tissue sections while also using small volumes of FISH probes. 

 

5.2 MATERIALS AND METHODS 

5.2.1 Microfluidic probe platform 

The platform comprised a standard inverted microscope, sub-micrometer precision stages, syringe pumps 

connected to a microfabricated silicon-glass hybrid MFP head, mounted to a custom-made z-stage. The 

head used for all experiments was a microfabricated device that localizes liquids on the cytological 

samples. The head itself contained four microchannels, which open up at the apex of the head and form 

apertures: two for injection and two for aspiration of liquids to and from the surroundings. The channel 

dimensions of the inner two apertures were 100 × 100 µm2 and the dimensions of the outer two apertures 

100 × 200 µm2. The microfabrication of the head was described elsewhere.138 The head was connected 

to glass syringes (Hamilton, 1705 TLLX) via adapters and tubings (IDEX, Tygon) and an 8-port circular 

Dolomite connector. Via control of the linear stages (Lang GmbH, Hüttenberg, Germany), x- and y-

position of the head relative to the substrate was controlled with sub-micrometer accuracy. The MFP 

head was mounted to a z-stage on the microscope via a mounting plate, Figure 5.2. An environmental 

chamber (Life Imaging Services GmbH, ‘The Cube and the Box’) for temperature control was placed 

around the platform.  
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5.2.2 Preparation of FFPE samples for FISH 

FFPE MCF-7 and BT-474 cell blocks (CellMax™ FFPE Control Cell Line Slides - MCF-7 and BT-474) 

were purchased from AMS Biotechnology and 5 µm thick breast tumor tissue microarrays (Her2B) were 

purchased from US Biomax Inc. A datasheet with HER2 IHC data was provided from the vendor. The 

baking and heating steps were performed on a hotplate (Cimarec+™, Cat. No. BARNHP88857105). 

First, the FFPE sample was baked at 60 °C for 1 h. Next, the sample was dewaxed in xylene (Merck, 

Cat. No. 1082972500) for 10 min. Then the sample was transferred to an ethanol-containing (Sigma 

Aldrich, Cat. No. 02860) glass beaker for 3 min and then dried completely at RT. For antigen retrieval, 

the sample was transferred in a solution of 0.08× saline sodium citrate (SSC) in ddH2O heated to 98 °C 

for 20 min (from 20× SSC stock, 3 M NaCl, 0.3 M sodium citrate, pH 7.0, Thermo Fisher Scientific, Cat. 

No. 15557-044). Then the sample was rinsed with ddH2O for 5 min and dried at RT. Next a hydrophobic 

barrier was drawn around the section with a pap pen (Sigma, Cat. No. Z377821) and dried at RT. The 

section was then digested using pepsin at 37 °C for 10-20 min (Milan Analytica AG, Cat. No. PSS060) 

and subsequently rinsed with ddH2O for 5 min. Subsequently, the sample was dried and the pre-treated 

samples were covered with FISH buffer (KBI-FHB, Leica Biosystems in Chapters 5.3.1 and 5.3.3) or an 

aqueous ethylene carbonate solution (Chapter 5.3.2), covered with a cover slip and denatured at 65-72 

°C for 10 min. After this step, the cover slip was removed, the slide rinsed with prewarmed 1×SSC and 

hybridization experiments were performed. For benchtop FISH control experiments, the FISH probes 

were diluted as specified by the manufacturer’s protocol in FISH buffer (KBI-FHB). This hybridization 

mix was subsequently pipetted onto the pre-treated FFPE cell blocks, which were covered with a cover 

slip and denatured at 72°C for 10 min. After denaturation the slide was incubated fpr hybridization at 

37°C overnight. After hybridization, the slides were washed 2 times to wash non-specifically bound 

probes with 0.1 % IGEPAL CA-630 in 2× SSC (v/v) for 1 min at RT and with 0.3 % IGEPAL CA-630 

in 0.4× SSC (v/v) at 72°C for 2 min (Sigma Aldrich, Cat. No. I8896). Subsequently, an additional wash 

was performed with at RT for 1 min. The cells were then mounted with mounting medium containing 

DAPI (Thermo Fisher Scientific, Cat. No. S36938) for inspection.  

 

 
Figure 5.2 Schematic illustration of the MFP platform 
(a) Photograph of the microfluidic probe (MFP) head used in the experiments. (b) Schematic of the MFP platform. 
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5.2.3 FISH probe preparation and FISH probe loading into the MFP 

The Cen17 probes were prepared from a mix of seven centromere 17-specific oligonucleotides with 3’ 

and 5’ Cy3 labels (Table A:1) ,which were purchased from Integrated DNA Technologies (Coralville, 

Iowa). The sequences were adapted from Ref.243 The 10× FITC-labelled HER-2 SureFISH probe was 

purchased from DAKO (Cat. No. G100046G-8). For recirculation experiments SSC buffer was used as 

the hybridization buffer. For HER2 classification, an ethylene carbonate (EC) buffer based on Ref.242 

was prepared: 15% v/v ethylene carbonate (Sigma, Cat. No. E26258), 20% v/v dextran sulfate (Sigma, 

Cat. No. D8906), 0.67×SSC and 600 mM NaCl (Sigma, Cat. No. 71378) in nuclease-free water (Sigma, 

Cat. No. W4502). For all experiments the Cen17 probes were used at a total concentration of 28 nM. The 

HER2 probe was diluted 1:10 (v/v) in Cen17 containing EC-buffer. These FISH probes were denatured 

at 75 °C (formamide) or 66-68 °C (ethylene carbonate) for 5–10 min in a PCR cycler (QIAGEN, Rotor-

Gene Q). To visualize the footprint indirectly, Hoechst dye was added to the probes at a concentration of 

0.2 µg mL–1 (Thermo Fisher Scientific, Cat. No. H3570). Subsequently these denatured probes were pi-

petted into a PCR cap and from there aspirated into the inner injection aperture of the MFP head. 

5.2.4 µFISH protocol 

One hour prior to performing the experiment, the environmental chamber around the MFP platform was 

heated to 45°C. After FISH probe loading into the MFP head, the pre-treated sample was transferred to 

the sample holder of the MFP platform, and the apex of the head was positioned 20-30 µm above the 

section. Subsequently, a hierarchical hydrodynamic flow confinement (hHFC) of FISH probes was con-

tacted with the substrate as depicted in Figure 5.3. In this flow configuration, two processing liquids were 

contacted with selected cells simultaneously. FISH probes were confined between the inner apertures 

and injected with flow rate Qi2 and the wash buffer (1× SSC) was confined between the outer pair of 

apertures and injected with Qi. For HER2 assessment experiments, the flow rates were set to 10, 7 nL 

min–1 (Qi1, Qi2) and –7, –100 nL min–1 (Qa1, Qa2), accordingly. For the chromosomal enumeration and 

recirculation experiments, the flow rates were set to 100, 200 nL min–1 (Qi1, Qi2) and –0.2, –2 µL min–1 

(Qa1, Qa2), respectively. After 5-15 min of interaction of the hHFC with the cells (equivalent to 5-15 min 

of incubation), Qi2 was stopped, and the nuclei were washed with flowing between the outer apertures 

for 2 min. To avoid reflections, the head was positioned away from the slide before imaging. The foot-

print for all MFP-based FISH experiments was 0.096 mm2. 

5.2.5 Image acquisition and processing 

Both, the endpoint observation for conventional FISH and the real-time observation for µFISH were 

performed using an inverted microscope at 10×, 40× and 60× magnification (Nikon Eclipse Ti-E with 

objectives CFI Plan Fluor DLL 10×, ELWD 40× and ELWD 60×, respectively). An LED lamp (Sola, 

Lumencor) and filter cubes FITC (F36-525), Cy3 (F36-542) and DAPI (F36-498) from AHF Analysen-

technik were used for excitation and emission control. Image acquisition was performed using a Hama-

matsu ORCA-flash 4.0 camera controlled with the NIS Elements Basic Research software (Nikon Ins-

truments Europe, V.4.0). Image processing of raw images as well as merging were done using the open-

source FIJI (ImageJ software (http://fiji.sc/Fiji), Figure A.3. 
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Figure 5.3. Schematics of the µFISH assay implemented with an MFP on a tissue section. 
(a) At the apex of the scanning head, FISH probes are confined hydrodynamically. FISH signals are present in cells 

in the region of the flow confinement (footprint). (b) Hydrodynamic flow confinements: In flow configuration 1, 

FISH probes (green) are confined between the inner pair of apertures. During incubation, the probe confinement is 

in contact with the cytological sample. After incubation, the inner flow is stopped and the cells from the sample are 

rinsed with the wash buffer (blue) from the outer injection aperture (flow configuration 2). Subsequently, FISH 

signals are inspected. 

5.3 RESULTS AND DISCUSSION 

We aimed to rapidly enumerate the copy numbers of chromosome 17 in FFPE tissue sections, and for 

this we adapted the MFP-based FISH method.190 To do so, we used bacterial artificial chromosome 

(BAC)-derived FISH probes (CEP17) in formamide-based buffer for enumeration of chromosome 17 on 

FFPE MCF-7 cell blocks. We performed flow-based FISH probe incubation using the MFP (Figure 5.3) 

on the pre-treated MCF-7 cell blocks by localizing the CEP17 probes on selected cells. Cell blocks are 

FFPE fixed cells immobilized on a glass slide serving as a model system for FFPE tissue sections. 

In Chapter 4, we demonstrated efficient hybridization of CEP17 probes to their target within 5 min in 

‘fresh’ MCF-7 cells by performing convection-enhanced FISH probe incubation using an MFP. Howe-

ver, following that procedure, only faint signals were present in FFPE MCF-7 cell blocks after 20 min 

incubation (Figure A.2). We hypothesize that one of the main reasons for this reduced hybridization 

efficiency of CEP17 probes to their target in formalin-fixed samples is the reduced probe mobility caused 

by the crosslinked matrix of the cells and the reduced target accessibility.9 In contrast to fresh samples 

such as cells from cell cultures, FFPE substraes have undergone several preparation steps, which can 

affect the integrity of the sample. Formaldehyde fixation is associated with DNA modifications244, DNA 
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fragmentation245 and DNA-protein crosslinking,246 which affects the DNA integrity. Further, the 

crosslinked matrix can reduce the FISH probe mobility, i.e. the FISH probe penetration through the 

sample and the target accessibility, thereby lowering the efficiency in hybridization of probes to the 

target. For FISH, FFPE samples further require additional pre-treatment steps of which several are high-

temperature heating steps that can further damage the DNA247–249 and can lead to autofluorescence248 and 

high background.250 In addition the FISH probe may not easily recognize and bind fragmented target 

DNA in the nucleus.245 Subsequently, the incubation step would need to be pro-longed to yield strong 

CEP17 signals. However, since the incubation step is flow-based (Figure 5.3), longer incubation times 

translate to higher probe consumption and we therefore adapted the µFISH protocol to perform rapid 

FISH analysis of FFPE samples. 

5.3.1 Oligonucleotide-based probes for chromosomal enumeration in FFPE tissue 
sections with < 5 min incubation 

To enable rapid FISH-based chromosomal enumeration on FFPE tissue sections, we: (i) adapted the 

FISH probe and moved to using short oligonucleotides, and (ii) optimized the composition of the hybri-

dization buffer. DNA mobility in the cell and cell nucleus decreases as the length of the DNA in-

creases.251 Similarly, the mobility of FISH probes in the cell decreases with increasing length and thus it 

has been found that an optimal length for oligonucleotide FISH probes is 18-50 nucleotides (nt).252 Lon-

ger probes will result in increased hybridization times and low synthesis yields; on the other hand, shorter 

probes will result in reduced specificity.252 The CEP17 probe is a BAC-derived probe of a length > 500 

nt and therefore is associated with relatively low mobility through the cell matrix. In addition, these 

probes were originally double-stranded and thus, competitive hybridization between the probes 

themselves is expected. 

To yield rapid FISH we therefore used single-stranded18 nt long oligonucleotide probes as the Cen17 

probe to visualize the centromeric region of chromosome 17. Further, we prepared a formamide-free 

hybridization buffer and used the traditional FISH buffer (~50% formamide) only for denaturation of the 

chromosomal DNA of the sample. Interestingly, FISH signals appeared as early as ~30 s after initiating 

the flow of FISH probes over cells in the selected area of the tissue sections, in our experiments. Strong 

signals of the Cen17 probes in the nuclei of FFPE breast tumor tissue sections were detected within < 5 

min (Figure 5.4). Thus, short, single-stranded DNA FISH probes are characterized with a high mobility 

through the crosslinked matrix. In addition, the hybridization process itself is likely accelerated by the 

change of hybridization buffer to the formamide-free composition. Formamide is a denaturation agent, 

which interferes with the hydrogen bonds forming during hybridization,253 thereby slowing down the 

hybridization.  

We compared our method with the standard bench-top FISH protocol (standard protocol in the diagnos-

tics laboratories) using formamide-based hybridization buffer and BAC-derived FISH probes (Figure 

5.4). Due to the enhanced hybridization properties resulting from the optimization of the hybridization 

buffer, probe type and convection during the flow-based incubation with the MFP, we were able to reduce 

the hybridization time from >4 h to < 5 min. This time reduction of the incubation time to 5 min and the 

reduced washing time results in a total assay turnaround time to < 3 h as compared with >8 h.  
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Figure 5.4. µFISH-based chromosomal enumeration in FFPE tumor sections. 
(a) Local probe incubation with an MFP for enumeration of chromosome 17 of FFPE tissue section with Cen17 

oligo-based FISH probes. (i) In situ hybridization occurs only in the cell nuclei (blue) within the area of the flow 

confinement (green). The tear shape is caused by the asymmetry between the injection and aspiration rate (i,ii). 

Fluorescent micrographs of Cen17 FISH signals (green) before (ii) and after image processing (iii,iv). Right : Com-

parison of µFISH using oligo-based probes with conventional FISH and commercial probes. 

5.3.2 µFISH-based HER2 testing for diagnosis of breast cancer tissue sections 

We then posed the question, whether this MFP-based method can be used in a diagnostic context, for 

HER2 testing on FFPE cell blocks and tissue sections. To achieve this we used a mix of oligo-based 

HER2 and Cen17 probes. However, HER2-specific probes did not create FISH signals within 5 min 

incubation with MFP-based FISH on FFPE samples. The chosen HER2 probes are synthetic oligonu-

cleotide probes and specifically designed to the HER2 locus.254 Cen17 FISH probes bind repetitive ele-

ments of chromosome 17 and each probe sequence has ~100 targets per chromosome. In contrast, the 

HER2 locus contains fewer repetitive elements and each HER2-specific probe sequence binds a unique 

target within the HER2 locus. Thus, the probability of a Cen17 finding its target is higher than the pro-

bability of a HER2 probe finding its target. Further, HER2 probes used here are long oligonucleotide 

probes177,254 > 150 nt and thus we hypothesize that the HER2 probes require more time for hybridization 

than the Cen17 probe in an aqueous SSC buffer. 

 

To accelerate the hybridization reaction, we modified the buffer by adding dextran sulfate as a volume 

exclusion agent255 and ethylene carbonate (EC), adapted from the Instant Quality (IQ) FISH method.242 

Performing FISH probe incubation of the probe mix in EC-buffer using the MFP, we were able to assess 

the HER2 status of both FFPE cell blocks and breast cancer tissue sections within 10 min (cells) and 15 

min (tissue) incubation time, Figure 5.5. Even at minimal flow rates of 0.007 µL min-1 we were able to 

establish a stable flow confinement. Further, since the probe mix is viscous, the flow confinement was 
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still in contact with the cells at these low flow rates and a surface-to-apex distance d = 20 µm. After less 

than one minute, the Cen17 signals were saturated and HER2 signals appeared within 15 min incubation.  

 

Figure 5.5. µFISH-based HER2 assessment in FFPE cell blocks and tumor sections.   
(a) Fluorescent micrographs for qualitative validation of µFISH for HER2 assessment on HER2 amplifying (BT-

474) and HER2 non-amplifying (MCF-7) FFPE cell blocks. (b) Validation of µFISH-based HER2 assessment on 

nuclei (outlined) of HER2-amplified (left) and HER2 non-amplified (right) FFPE invasive ductal carcinoma tissue 

cores from a tissue microarray. (c) HER2/Cen17 ratios in MCF-7 and BT-474 cells in FFPE cell blocks assessed 

with benchtop and MFP-based FISH. Error bars present the standard error of the mean for n=20 measurements. (d) 

Quantified HER2/Cen17 ratio from 20 cells of the tissue cores illustrated in (b) comparing to the HER2 status from 

the tissue microarray datasheet. 

 

We specifically chose MCF-7 (HER2 negative) and BT-474 (HER2 positive) cell blocks for validation 

of the MFP-based FISH method and quantified the HER2/Cen17 ratios in 20 cells as recommended by 

the ASCO/CAP guidelines after both benchtop FISH using a pipette (Figure A.4) and µFISH experi-

ments. The HER2/Cen17 ratios calculated for both on-bench and MFP-based FISH were experiments 

were comparable for as illustrated in the graph in Figure 5.5 c. The ratio was 0.82 (MFP) and 0.64 (ben-

chtop) in MCF-7 cells and in BT-474 cells, the ratio was 2.8 (MFP) and 3.0 (benchtop). In addition, we 

tested the µFISH method on FFPE tissue sections and assessed the HER2/Cen17 ratio in 20 cells from 

two tissue cores from a tissue microarray. As depicted in Figure 5.5 d, the HER2 status assessed with 

µFISH matched the IHC data of the datasheet from the tissue microarray. 
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5.3.3 FISH probe recirculation for efficient use of FISH probes 

MFP-based FISH uses a flow-based incubation approach with a linear relation between incubation time 

and probe consumption and thus, longer incubation time translates to higher probe consumption. To 

improve the consumption of FISH probes, we investigated if we can recycle FISH probes with the MFP 

efficiently. 

 

In most staining assays, be it (immuno-)histochemistry or FISH on tissue sections, for example, the 

reagents are pipetted onto the sample and incubated for a certain amount of time until the reaction takes 

place. In most cases, the unreacted reagents are washed off after the incubation step and are subsequently 

discarded. Using the MFP, we have the unique possibility to reuse those unreacted reagents, by inverting 

all flow rates as we showed previously in the context of IgG immobilization on IgG coated slides.225 

 

For a more economic use of FISH probes, we tested the concept of recirculation on FFPE cell blocks. In 

a classical flow confinement, a processing liquid is confined between two apertures at the apex of the 

MFP head and the surface, in the presence of an immersion liquid. Since the aspiration rate is set to be 

approximately 3-fold higher than the injection rate to ensure a stable flow confinement, immersion liquid 

will be aspirated together with the processing liquid into the aspiration channel, resulting in an ~3-fold 

dilution of the processing liquid. The addition of two extra apertures, allows the processing liquid to be 

nested within a confinement of a second liquid, resulting in a hierarchical flow confinement.256 Specifi-

cally, for MFP-based FISH, in a hierarchical hydrodynamic flow confinement the FISH probes are con-

fined between the inner two apertures, while between the outer two apertures, a wash buffer is confined 

to nest the FISH probes (Figure 5.6). Since the outer aspiration rate is high with Qa2>>Qa1 and maintains 

a stable flow confinement, the inner injection and aperture rates can be set to Qi2=|Qa1|. Due to this sym-

metry between Qi2 and Qa1, a liquid injected with Qi2 is aspirated by Qa1 with minimal dilution. Therefore 

a liquid confined between the inner two apertures can be re-injected and thus recirculated after inversion 

of the flow rates: Qi2↔Qa1 , Qi1↔Qa2.  

 

The graph in Figure 5.6 b illustrates the probe dilution per recirculation cycle for 1 µL of Cen17 probes 

with a probe injection rate Qi2 of 0.2 µL min-1, 5 min switching intervals and a surface-to-apex distance 

d = 20 µm. We measured the fluorescence intensity for each recirculation cycle and normalized the in-

tensity with respect to the initial fluorescence intensity of the confined probes. As illustrated in Fig. 5b, 

the FISH probes are diluted by ~ 6% per recirculation cycle. This dilution is likely due to the slight 

asymmetry of the flow profile resulting in a small flow from the immersion liquid into the inner aspiration 

aperture and the loss of FISH probes aspirated into the outer aspiration aperture. 

 

We next investigated the possibility of using a small volume of FISH probes for multiple FISH tests. In 

a proof-of-concept experiment we performed a sequence of ten FISH tests on an MCF-7 cell block by 

recirculating a defined volume of Cen17 probes ten times between the inner pair of apertures for 50 min 

with 5 min incubation time per FISH footprint (0.096 mm2). 
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At discrete time intervals of 5 min, we inverted the flow rates of FISH probes through the MFP micro-

channels and positioned the probe head to the next testing area, Figure 5.6 c-d. Cen17-specific signals 

were present in all cells within the 10 testing areas. Interestingly, even with 40% of the initial FISH probe 

concentration after 10 recirculation cycles, hybridization was efficient to yield FISH signals as strong as 

80% of the initial signal intensity within 5 min incubation. 

 

 

Figure 5.6. Recirculation of FISH probes using the MFP for FISH probe budgeting on MCF-7 cell blocks.  
(a) Switching between the two states for FISH probe (green) recirculation. (b) Dilution of FISH probes as a function 

of recirculation cycle for n=3 experiments (black dots) and averaged FISH signal intensity of n=12 FISH signals for 

10 testing areas (blue dots). Error bars present the standard error of the mean. (c) Schematics of 10 FISH tests 

performed by recirculating 1 µL Cen17 probes on an MCF7 cell block. (i) Micrograph of nuclei within the last test 

region, test region 10, after 5 min incubation. (ii,iii) FISH signals in the processed nuclei in test region 10. (d) 

Micrograph of the MFP in operation. 
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5.4 CONCLUSION 

We introduced methods and protocols for rapid detection of an important breast cancer biomarker, human 

epidermal growth factor receptor 2, in tissue sections. We make use of a microfluidic probe technology 

and perform localized FISH probe incubation with cells in selected regions of tissue sections and cell 

blocks. This is done by confining FISH probes hydrodynamically on the tissue section at the micrometer 

length-scale without needing to construct physical walls. By using minimal probe amounts and also mi-

nimal amounts of the scarce cytological sample, the MFP-based FISH implementation presents a va-

luable method for diagnosis of breast cancer biopsies. 

 

The assay turnaround time for MFP-based HER2 testing is <3 h, which is comparable with the turnaround 

time of an IHC assay, making ISH competitive with IHC with regard to time-per-test. We assessed the 

HER2 status of both FFPE cell blocks and FFPE tissue sections with an incubation time of 10-15 min 

with the MFP using oligonucleotide probes and 100-fold reduced FISH probe consumption per FISH test 

(~100 nL vs. 10 µL). This potentially makes it feasible to perform both FISH and IHC-based tests simul-

taneously, rather than performing FISH tests only on equivocal patients’ samples. We believe that such 

a multimodal approach presents a more robust HER2 testing workflow than currently implemented in 

diagnostic laboratories and could have implications for not only breast cancer but also gastric233 or gy-

necological234 subtyping. This would further allow the healthcare professionals to make treatment deci-

sions sooner, thereby saving precious time for the patient. 

 

In the MFP-based FISH implementation, convection-based delivery of reactants accelerates the reaction 

by enhancing the mass transport. The reagent consumption is, however, dependent on the reaction dura-

tion. To overcome this, we made use of the capability of the MFP to recirculate liquids and demonstrated 

that a finite volume of FISH probes can be recycled, and the probes are used more efficiently. Recircu-

lation of probes has several advantages. It allows multiple areas of a heterogeneous sample or multiple 

samples to be probed using one volume of probes. Further, even slow-hybridizing FISH probes such as 

double-stranded FISH probes of > 500 nt can now be hybridized with the MFP without increasing the 

probe consumption. 

 

The processed area for MFP-based FISH measures 0.096 mm2 and captures 300 cells from an FFPE 

tissue section depending on the amount of connective tissue, tissue type and cell density of the sample. 

For a FISH-based diagnosis, the 2013 ASCO/CAP guidelines suggest to at least count the FISH signals 

in 20 non-overlapping nuclei from the tumor cells.236 Tumor cells in solid tumors are often clustered 

within the abnormal areas of the tissue and therefore in one MFP footprint, we capture enough cells for 

a diagnosis. A challenge of analyzing tissue sections is to perform the µFISH assay in the cancerous 

regions of the often-heterogeneous patient sample. However, abnormal regions of the tissue can be iden-

tified using the cell autofluorescence before MFP-based FISH. Overall, µFISH supports our vision of 

tissue microprocessing to implement several bio-analytical tests on limited biopsy samples.  
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6 RT-FISH: REAL-TIME FISH REACTION MONITORING 
 

The content of this chapter is based on a manuscipt submitted to Analytical Chemistry and is 

reproduced here with minor modifications. 

 

D. Huber*, N. Ostromohov*, M. Bercovici and G.V. Kaigala. Real-Time Monitoring of Fluo-

rescence in situ Hybridization (FISH) Kinetics. Analytical Chemistry, [in press, *co-first au-

thors] 

The original article can be accessed at : 

https://pubs.acs.org/doi/pdf/10.1021/acs.analchem.8b02630 

 

 

Author contribution : Project planning, design of experiments, all experimental work and image 

acquisition, data analysis, and manuscript writing. 
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6.1 INTRODUCTION 

Fluorescence in situ hybridization (FISH) refers to a group of methods widely used for detection, visua-

lization and analysis of specific nucleic acid sequences in cells, tissue sections, and whole orga-

nisms.257,258 FISH is the gold standard cytogenetic technique commonly used for detection of chromoso-

mal and transcriptional abnormalities for medical diagnostics purposes. Its ability to provide detailed 

spatial analysis of gene expression and chromosomes at the single cell level, identify the cell type, and 

detect presence of viral genomes in the analyzed sample, has led to its extensive use in a broad range of 

applications.257,259–263  

FISH reactions are typically performed using a bench-top assay and by pipetting the FISH hybridization 

mix onto the cytological sample, in which transport of probes into the cell is primarily diffusion-based 

and hence is slow.257,264 This leads to typical incubation times of one to 16 hours for low copy number 

targets,259,265 and 48 to 94 hours for entire genome hybridization.260 Once hybridization is complete, the 

FISH signals are  analyzed using an end-point analysis after a stringent wash of the hybridization buffer 

containing the fluorescent probes from the surface.257  

An accurate quantification of hybridization rates in FISH reactions requires monitoring of the process in 

real-time. However, such monitoring is challenging due to the background signal of a high concentration 

of probes present on the surface at all times throughout the experiment. Furthermore, standard techniques 

for evaluation of molecular interactions and reaction kinetics, such as surface plasmon resonance 

(SPR),266 or isothermal titration calorimetry (ITC)267,267 are not compatible with intracellular reactions 

as they require either direct immobilization of the reactants on the surface, and reactions occurring at 

distances smaller than 200 nm from the surface268, or a uniform solution environment269. 

While hybridization rates obtained in solution or using surface-based methods may provide general gui-

delines or relative results for a given set of probe or target sequences, these methods cannot assess hy-

bridization rates to large molecules or an entire chromosome or genome260,270 and do not account for 

factors such as intracellular and intranuclear molecular crowding,271 spatial arrangement and target ac-

cessibility,272,273 and significantly slower diffusional transport due to a dense nuclear and chromatin struc-

ture,274,275 and thus cannot provide the appropriate reaction rates of the in situ reaction. 

In recent years, there is a growing interest in a more precise evaluation of in situ hybridization rates to 

achieve probe design with improved sensitivity and specificity and shorten the typically long assay times. 

Multiple computational models were proposed to predict hybridization kinetics of FISH probes including 

accounting for nucleic acid hybridization thermodynamics, rRNA and genomic DNA accessibi-

lity,273,276,277 and effects of destabilization agents (e.g. formamide) on probe dissociation.278 However, 

models able to accurately predict the optimal hybridization conditions for a given probe do not yet 

exist.279 Several experimental studies aiming at improving hybridization rates as well as optimizing exis-

ting assays were also performed recently. Matthiesen et al. designed a non-toxic ethylene carbonate (EC)-

based hybridization buffer accelerating the FISH reaction and resulting in notable signals after 60 min of 

hybridization,242 Stoecker et al.280 used double labeled probes to enhance the signal and shorten the re-

quired hybridization time, and Shaffer et al.281 optimized the fixation of cells and increased probe con-

centration to achieve 10-fold shorter hybridization times of RNA FISH. Other methods suggested for 
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measuring intracellular kinetics include the use of optically switchable probes such as molecular bea-

cons282 and temperature oscillation optical lock-in (TOOL) microscopy, requiring FRET probes.271 

However, despite their fundamental importance to FISH assay development, there are currently no tech-

niques for quantification of hybridization rates that can be readily applied to any probe or targets. Thus 

the design procedures of FISH probes and assays remain mainly empirical and hybridization conditions 

for a given probe are estimated experimentally using an end-point analysis of the signal.276,279 This re-

mains a highly complex, labor intensive and time-consuming task when multiple effects and conditions 

are to be tested.  

 

We here present a new method for design of FISH assays able to accurately characterize the hybridization 

kinetics for any given set of probes or target sequences. Our method is based on a vertical microfluidic 

probe (MFP), able to deliver reagents of interest to localized regions on surface.230 We demonstrate that 

by rapidly alternating between delivery of the probe solution, and a non-fluorescent imaging buffer we 

are able to monitor the FISH signal in real-time. The convection-based transport using the MFP enables 

delivery of a constant concentration of probes to the cells and rapid removal of any signal associated 

with unbound probes while signal is recorded.190,228 This allows real-time monitoring and kinetic analysis 

of the signal inside the cell. Using centromeric probes (Cen17) as a model problem, we demonstrate the 

applicability of our method for measuring variations in hybridization rates in response to changes in 

probe concentration, ionic strength, formamide concentration and volume exclusion agents content. To 

the best of our knowledge, this is the first method of its kind, capable of direct real-time monitoring of 

in situ hybridization kinetics without the need for any special optically switchable probes. We believe 

our method will be useful for design of new as well as optimization of existing FISH assays by providing 

new insights on the in situ hybridization (ISH) process. 

6.2 EXPERIMENTAL 

6.2.1 Experimental Setup 

We performed all experiments using an inverted microscope (Eclipse-Ti, Nikon Instruments, Melville, 

NY), equipped with an Orca Flash 4.0 camera (Hamamatsu Photonics, Hamamatsu, Japan), an LED 

white light source (Sola, Lumencor, Beaverton, OR) and a custom MFP setup as described previously.190 

We used a system of neMESYS syringe pumps programmed using Qmix-Elements (Cetoni GmbH, Kor-

bussen, Germany) to control the injection and aspiration flow rates in each channel. We synchronized 

the image acquisition with the sample illumination using a macro programmed in NIS-Elements software 

(Nikon Instruments, Melville, NY). 

We used a 10× objective (CFI Plan Fluor Ph1 DLL, N.A. 0.3, Nikon Instruments, Melville, NY) with a 

FITC filter-cube (F36-525, AHF Analysetechnik, Tübingen, Germany) for flow rate characterization and 

a 40× objective (CFI S-Plan Fluor ELWD DIC, N.A. 0.6 Nikon Instruments, Melville, NY) with a Cy3 

HC filter-cube (F36-542, AHF Analysetechnik, Tübingen, Germany) for kinetic measurements. 
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All hybridization experiments were performed in an environmental chamber installed on the microscope 

(The Cube and The Box, Life Imaging Services, Basel, Switzerland), and set to a temperature of 37 °C 

to maintain a constant hybridization temperature.  

6.2.2 MFP devices  
We fabricated two-layer silicon-glass MFP devices using standard photolithographic and dry etching 

techniques, as described previously.230 The geometry of the channels is depicted in Figure 6.1 a. Two 

inner injection channels and inner aspiration channels designed for injection and removal of probe solu-

tion and imaging buffer, are connected to a 1×1 mm switching chamber located at a distance of 1.5 mm 

from the probe apex. The dimensions of all channels are 100 µm×100 µm. The main injection channel 

connects the switching chamber to the probe apex and is used to inject one of the solutions to the surface 

at a time. The solution is aspirated from the surface through the main aspiration channel located at a 

distance of 100 µm from the injection, creating a localized reaction area on the surface. The injection to 

aspiration flow rate ratio was set to 1:3 at all times. The reagent switching scheme is described in detail 

in the Principle of the Method section. 

6.2.3 Reagents and Probes 

In all experiments we used a mix of seven 18 nucleotide (nt) long, centromeric DNA probes, specific for 

the centromere of chromosome 17,243 labeled with Cy3 at the 3’ and 5’ ends synthesized by Integrated 

DNA Technologies (Coralville, Iowa). Probes were diluted in deionized water (DI) (MilliQ system, 

Merck-Millipore, Billerica, MA) to a stock concentration of 1 µM, stored at -4 ºC and diluted to the final 

concentration before each experiment. Table A:1 provides a list of the probe sequences used in the ex-

periments. 

To study the effects of different hybridization agents on the in situ hybridization kinetics we used a basic 

condition of probe concentration of 28 nM in a solution containing 150 mM NaCl (Sigma-Aldrich, St. 

Louis, MO), and varied in turn the probe concentration between 14 nM and 140 nM, and the ionic 

strength by adding between 150 mM and 1 M NaCl. To investigate the effects of volume exclusion and 

destabilizing agents on the hybridization we used dextran sulfate (Sigma-Aldrich, St. Louis, MO) at con-

centrations ranging between 0% and 10%, and formamide (Merck, Kenilworth, New Jersey), at concen-

trations ranging between 0% and 25%, respectively.  

6.2.4 Cell Blocks  

We used MCF-7 cell blocks purchased from AMS Biotechnology (T2255830, AMS, Abingdon, UK). 

We first baked the cell blocks for 1 hour at 55-60 ºC on a hotplate (VWR International, Randor, Penn-

sylvania). Then we dewaxed the cell blocks in xylene (Merck, Kenilworth, New Jersey) in a glass beaker 

for 10 min, rinsed with 100% ethanol (Merck, Kenilworth, New Jersey) for 3 min and air dried at room 

temperature. We then immersed the dried blocks in an antigen retrieval solution of 0.08×SSC (Thermo 

Fisher Scientific, Waltham, M(a) for 20 min at 98 ºC, washed in DI for 5 min and dried at room tempe-

rature. We drew a hydrophobic barrier around the cells using a hydrophobic pen (Sigma-Aldrich, St. 

Louis, MO), and then digested the blocks with pepsin (Milan Analytica AG, Rheinfelden, Switzerland) 
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for 8 min at 37 ºC, washed in DI for 5 min and dried at room temperature. We pipetted a FISH buffer 

(KI/KBI-FHB, Biosystems Switzerland AG, Muttenz, Switzerland) onto the cells, placed a coverslip on 

top and let the cells denature for 5 min at 75 ºC. After denaturation, we immersed the cells in DI and 

gently removed the coverslip and washed the cells. We then transferred the slides to the microscope 

sample holder and pipetted 1×SSC (pre-warmed to 37 °(c) onto the cells before the kinetic measurements.  

6.2.5 Kinetic measurements. 

We performed all kinetic measurements by switching between an injection of the probe solution and an 

imaging buffer composed of 1×SSC in DI, delivered to the surface. For each condition, we performed 

the measurements by repeating a cycle of injecting the probe solution for 30-45 s onto the surface, letting 

the hybridization reaction take place, and then replacing it with an injection of a non-fluorescent imaging 

buffer, during which we captured the signal on the surface. We repeated the cycle until the fluorescent 

signal stabilized, indicating that the hybridization reaction reached a steady state. Once the signal stabi-

lized, we performed a final wash with 1×SSC for 5 min and verified the obtained fluorescent signal is 

consistent with the steady state measurements prior to the wash. The final wash served as a control, 

parallel to a detergent wash in an on-bench FISH assay, indicating that the kinetic measurement is repre-

sentative of the signal in a standard FISH assay.  

In all measurements the signal at each time-point was captured by acquiring a z-stack of 5 images from 

the center to ±1 µm in height to account for the variations in the vertical position of the hybridization site 

within the nucleus. 

6.2.6 Post processing and image analysis 

We analyzed the images in Matlab 2016b (MathWorks, Natick, MA), using a custom code incorporating 

selection of the FISH signals in the imaged cells based on their location in the final image. Signal deve-

lopment over time was analyzed by averaging the FISH signal at the selected location of 12×12 pixels, 

corresponding to 2×2 µm over the area and z-stack at each time point. Each signal value was background 

subtracted using the value of the background at steady state. The error bars were calculated based on a 

double sided p-value of 0.05 (corresponding to 95% confidence on the mean), using at least 5 repeats. 

Screenshots and explanation of important steps are found in the supporting information (Appendix A7). 

6.3 THEORY AND PRINCIPLE OF THE METHOD 

Our method is based on rapid switching between localized delivery of a fluorescent probe solution and a 

non-fluorescent imaging buffer to the cells on a surface, which allows to perform kinetic measurements 

of intracellular hybridization in real-time.  

Figure 6.1. a-b. presents the MFP head, which contains six microchannels: (1) 'probe injection', (2) 'probe 

removal', (3) 'buffer injection', (4) 'buffer removal', (5) 'injection', and (6) 'aspiration'. Channels (1)-(4) 

are connected to a 1×1 mm switching chamber located at a distance of 1.5 mm from the apex. The probe 

and buffer injection channels inject a probe solution or a non-fluorescent imaging buffer into the swit-

ching chamber respectively. The probe and buffer removal channels, are connected on each side on the 
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bottom of the chamber, and are designed to alternately aspirate the respective solution from the sides of 

the switching chamber. This configuration allows only the required solution to enter the injection chan-

nel, which is connected to the bottom of the chamber and delivers the solution to the surface. The solution 

is then aspirated through the aspiration channel, located at a distance of 100 µm from the injection, along 

with some of the surrounding immersion liquid. A higher aspiration flow rate than that of the injection 

allows a hydrodynamic confinement of the solution on the surface.  

Figure 6.1. d presents a schematic illustration of the switching scheme. The probe solution and a non-

fluorescent imaging buffer are alternately delivered to the surface. Hybridization takes place only while 

probes are delivered to the surface (t1, t3). During the imaging buffer injection phase (t2, t4) the intracel-

lular FISH signal can be imaged directly on the surface since background signal of unbound probes is 

eliminated. The total hybridization time is only the time over which probes are delivered to the surface. 

The removal flow rate in both the probe removal and buffer removal channels was set to a constant value 

of -7 nL min-1.  To initiate an injection of one of the solutions, its flow rate was set to 1 µL min-1, while 

the flow rate of the other was set to 0 (no flow). The constant minimal aspiration through the removal 

channels prevents the latter from reaching the injection channel, while only the first solution is injected 

to the surface.  The close proximity of the chamber to the surface and the continuous flow inside it are 

key in achieving rapid switching. 

6.3.1 Switching times 

We characterized the transition time between two consequent solutions as the transition time between 

10% and 90% of the maximum concentration on surface. This transition is governed by Taylor-Aris 

dispersion and is given by 228 
 

   (1) 

where U is the fluid velocity, L is the length of the channel and Deff is the effective diffusion coefficient 

of the species, wherein D is the molecular diffusion coefficient, β is a geometrical dispersion coefficient, 

equal to 1.76 for a square cross section, and a is a cross sectional characteristic length, corresponding to 

the channel width. 

A plot of the theoretical and experimental transition times as function of the flow rate in our geometry  

( L= 2.5 mm, a=100 µm), assuming a diffusion coefficient of 2 x 10-11 m2s-1,251 is presented in Figure 

S1 in the SI. The transition time decreases with increasing flow rates; however, high flow rates induce 

delamination of cells from the surface. Furthermore, lower flow rates result in a noisy signal on the 

surface due to higher sensitivity of the system to disturbances. Thus, the chosen operating flow rate 

(1 µL/min) is a trade-off between the two which allows a relatively fast switching between reagents  

(ts=10.57 s), while cell adherence remains intact.  

( )1

2 2

2

4 0.8
/

,
1
210

s
eff

eff

t erf
U UL D

U aD D
D

b

-=

æ ö
= +ç ÷

è ø



RT-FISH: Real-Time FISH Reaction Monitoring 

69 
 

 
Figure 6.1. MFP device, principle of the method and experimental conditions. 

(a-b) Photograph of the device and channel geometry. Two pairs of 100 µm wide and 100 µm deep microchannels 

are connected to a 1×1 mm switching chamber. The inner channel in each pair is designed to inject a non-fluorescent 

imaging buffer solution or probe solution respectively, while the outer channel is designed for removal of the res-

pective solution. The flow rates of the imaging buffer and probe solution were alternately switched between the 

chosen flow rate and 0, while the removal flow rate was set to 7 nL/min. (c) Characterization of the fluorescent 

signal on the surface for flow-rates of 2, 1, 0.7 and 0.5 µL/min. For flow rates of 1-2 µL/min the signal is stable and 

follows the input function closely (transition-time from 10% to 90% of the maximal signal of 5.43 seconds and 10.57 

seconds respectively). Flow rates below 1 µL/min lead to a more substantial switching time between the probe so-

lution and the imaging buffer (transition time of 13.4 seconds and 15.75 seconds for 0.7 µL/min and 0.5 µL/min, 

respectively). (d) Schematic illustration of the switching scheme and real-time imaging of the FISH signal develop-

ment. The probe solution and a non-fluorescent imaging buffer are alternately delivered to the surface. While probes 

are delivered to the surface (t1; t3) hybridization takes place, during the imaging buffer phase (t2; t4) the intracellular 

FISH signal can be imaged directly on the surface since background signal of unbound probes is removed. 
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6.3.2 Hybridization kinetics. 

The hybridization reaction of the free probes to chromosomal targets in the nucleus can be described 

using second order reaction kinetics,283  

 , (2) 

Where cP is the concentration of the probe, cT is the concentration of target in the nucleus, cPT is the 

concentration of bound probes (proportional to the measured FISH signal), kon and koff are respectively 

the on- and the off-rate of the hybridization reaction. Assuming the probe concentration is much higher 

than the target, cP >> cT, the concentration of the bound probes as function of time can be described as  

 , (3) 

where Kd is the dissociation constant, ì& = îï||/îïñ , and t is the reaction time. The dissociation cons-

tant can also be expressed as ì& = exp	(−
∆ö

3õ
), where DG is the Gibbs free energy of the hybridization 

reaction, R is the universal gas constant and T is the temperature. 

The measured FISH signal is indicative of the concentration of bound probes cPT, and can be used to 

quantify the hybridization rates under the assumption of specific reaction. In this section, we present the 

considerations used to assess the specificity of the signal for the probe set used in our model system. A 

similar reasoning can be followed for other probe designs to verify specificity prior to the kinetic mea-

surements.  

A calculation of the Gibbs free energy of our probe and target sequences using a standard nearest neigh-

bor model, realized in DINAmelt,284 results in DG values in the range of (–14.9) - (–19.4) kcal·mol-1. For 

typical kon values of order 104-105 M-1 s-1,285,286 this leads to koff values of 10-6 s-1 or lower. Under these 

conditions, dissociation of complementary probes bound to their target sites would take several hours 

and koff can be neglected. Furthermore, the free Gibbs energy of partial matches of less than 14 nt is (–

6.5) - (–8.3) kcal·mol-1, leading to koff  of 8.3·10-2–1.7 s-1, i.e. if non-specifically bound at the target sites, 

such partial matches will be washed away within 12 sec. Thus, the time interval of the imaging buffer, 

should be longer than this time. We note that while a BLASTn (v2.2.30) alignment against the human 

reference genome (GRCh38) search shows presence of several partial matches of 15-17 nt both in the 

vicinity and off-target sites,287 these sequences are few (several tens) compared to the amount of full 

matches (over 10,000). Thus these subsequences would not significantly affect the specific signal, and 

off-target signals would be spatially separated from the stronger specific signals in chromosome 17. 

Since a mix of these 7 sequences is widely used as a probe solution specific for detection of centro-

mere 17,243 we characterized the effective hybridization rate (kon) of this probe. 

6.3.3 Results and Discussion 

The hybridization efficiency and specificity in FISH assays depends on multiple variables including the 

composition of the hybridization buffer, probe concentration, hybridization temperature, and even the 

probe sequence itself.  
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We quantified the effective rates of the hybridization reaction of the Cen17 probe and its targets in for-

malin-fixed paraffin embedded (FFPE) MCF-7 cell blocks, varying the probe concentration, dextran sul-

fate content, formamide content and ionic strength. The chosen parameters are common in FISH hybri-

dization buffers. 

The Cen17 probe is a mix of 18 nucleotide (nt) short fluorescently labelled oligonucleotides (Table A:1 

Sequences of the synthetic Cen17 oligonucleotide probes.), which are complementary to the alpha satel-

lite elements of the centromeric region of human chromosome 17. In the context of breast cancer dia-

gnostics, the Cen17 probe is used as a normalization probe in FISH-based HER2 testing. 

As described in ‘Principle of the Method’ we performed flow-based FISH probe incubation with the 

MFP and extracted the signal intensities over time of selected individual Cen17-specific FISH signals. 

We found that using switching intervals of 30-45 sec was sufficiently short to gather enough data points 

to extract the kinetic rates. We defined a base condition, a 28 nM solution of Cen17 probes in 1×SSC, 

which served as a standard control for all experiments. 

Probe concentration dependence  

Figure 6.2 a presents kinetic measurements of FISH reaction at increasing probe concentrations from 

14 nM to 140 nM as function of t·C0. As follows from Equation 3, one would expect that for an ideal 

first order reaction, all experiments will collapse to a single curve indicating the on-rate. We see however 

that while probe concentrations of 28 and 70 nM yield the same on-rate, a higher on-rate is obtained at 

lower concentration (14 nM) and a lower one is obtained at higher concentrations (140 nM). At low 

concentration there is likely minimal electrostatic interaction between the probe sequences allowing for 

quicker interaction with the targets, explaining the slightly higher on-rate for 14 nM than for 28 and 70 

nM. For a probe concentration of 140 nM, we observe an ~1.5-fold reduction of the hybridization rate 

compared to the other concentrations, to 6.554·104 M-1s-1. We hypothesize this decrease is due to either 

inter-binding of the probes (if cp >>Kd probe-to-probe), or due to crowding effects near the target sites. 

 

The average value of kon for probe concentrations between 14 and 70 nM was 1.221·105 M-1s-1, having a 

range of 1.055·105 and 1.473·105 M-1s-1. This rate is over 2-fold lower compared to surface-based kinetic 

measurements of standard 20 nt long DNA targets hybridizing to immobilized probes of the same length, 

and having a similar GC content of 50%, using graphene288 and SPR-based285 sensors, which resulted in 

on-rates of 2.58·105 and 2.9·105 M-1s-1 respectively. We attribute this decrease in kon to intracellular and 

nuclear molecular crowding effects leading to a slower transport of probes as well as limited accessibility 

of the target sites due to the spatial arrangement of the genomic DNA.272,274,275 Our measured on-rates 

are in agreement with measurements by Rode et al.,286 of hybridization of 15 nt long DNA probes to cell-

surface immobilized targets, which resulted in rates ranging between 1.03·105 1.93·105 M-1s-1. Similarly, 

the lower rates in Rode’s study were explained by limited target access due to crowding effects, steric 

hindrance, and electrostatic repulsion from the anionic glycocalyx.286  
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While in FISH cells are partially digested and thus the extent of molecular crowding is reduced relatively 

to intact cells, hybridization of probes to genomic DNA takes place inside the nucleus, and thus target 

accessibility due to DNA conformation and additional nuclear crowding have to be taken into ac-

count.272,274,275 

 

 

 
Figure 6.2. Experimental results showing kinetic measurements for different probe concentrations as 

function of t·C0. 
(a) Hybridization curves for probe concentrations of 14 nM, 28 nM, 70 nM, and 140 nM. For concentrations between 

14-70 nM the measured on-rate remains practically unchanged and the curves collapse to a single curve as function 

of t·C0., as expected. For probe concentration of 140 nM, the on-rate decreases due to transition to a reaction-limited 

hybridization mode. Vertical lines and red horizontal error-bars correspond to îïñAK of each reaction. All error bars 

correspond to 95% confidence on the mean. (b) Fluorescent images of end-point results of the FISH hybridization 

reaction for a group of cells at each of the concentrations after 15 min of incubation. FISH signals exhibit similar 

intensities at all concentrations after reaction has reached saturation.  

 

We note that the rates measured here are specific for single-stranded 18-mer Cen17 probes. Under these 

conditions, the variation of the measured rates in FISH using our method are not significantly different 

from the rates for DNA microarray measured with current methods. However, for longer probes such as 

commercial double-stranded bacterial artificial chromosome-derived FISH probes, the hybridization rate 

is significantly altered. This is due to increased competitive hybridization between the individual probe 

sequences and the dramatically reduced mobility in the cell of DNA with increasing length. The hybri-

dization rate and probe specificity for different probe types, such as different DNA probes or even synthe-

tic nucleic acid analog probes could be easily measured using RT-FISH, while the current methods mea-

sure surface hybridization rates at non-realistic conditions. 
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Formamide concentration 

Formamide is an organic solvent widely used to adjust the melting temperature of DNA for tailoring the 

denaturation and renaturation of nucleic acids.289,290 It is a strong hydrogen donor, and thus it is able to 

reduce the melting temperature (Tm)  by interfering with base pairing during hybridization. Since on-

bench FISH assays are typically performed at a constant temperature, the optimal assay temperature is 

altered by an addition of different concentrations of formamide to the reaction buffer to manipulate the 

melting temperature.Figure 6.3 presents experimental results showing the effect of formamide at con-

centrations varying between 0% and 50% on the in situ hybridization. 

 

 
Figure 6.3. Experimental results showing kinetic measurements for different concentrations of for-

mamide as function of time. 
(a) Hybridization curves for increasing formamide concentrations between 0% and 12.5%. Probe concentration is 

28 nM in all measurements. Vertical lines and horizontal error bars correspond to úiAKîïñAK of each reaction. All error 

bars correspond to 95% confidence on the mean using at least 5 repeats. (b) Hybridization curve for 25% formamide. 

(c) Fluorescent images of end-point results of the FISH hybridization reaction for a group of cells at each of the 

concentrations, after 15 min of incubation. FISH signals exhibit similar saturation values for 0%-25% formamide 

content. At a concentration of 50% formamide no FISH signals are visible since no hybridization occurs. The scale 

bar refers to all images; all images are background subtracted. 

 

We assume an average melting temperature of the Cen17 probe is 55.09 ±1.4 ºC291, and a linear decrease 

in Tm of 0.66 ºC per formamide percent.292,293 Under these conditions, we expect the melting temperatures 

to be 50.96 ºC, 46.84 ºC, 38.59 ºC and 22.09 ºC for 6.25%, 12.5%, 25% and 50% formamide respectively. 

While Tm is defined as the mid-transition temperature at which half of the nucleic acid strands are hybri-

dized and the other half is single stranded, it serves as an indication for the optimal hybridization tempe-

rature (Th). For hybridization to be as efficient as possible, however, all target sites must have bound 

probes. Thus Tm overestimates the optimal hybridization temperature and Th is typically 10-20 ºC lo-

wer.279 Therefore, we expect an association reaction occurring at a temperature of 37 ºC would be most 
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efficient in a buffer containing 12.5%-25% formamide. Indeed, as we increased the formamide concen-

tration from 0% to 12.5%, the hybridization rate increased, resulting in a kon of 2.088·105 M-1s-1, as shown 

in Figure 6.3 a. Interestingly, as we further increased the formamide content to 25%, the hybridization 

rate decreased and was almost identical to the base condition in which no formamide was added. At high 

formamide concentration of 50% there was no fluorescent signal present, as shown in Figure 6.3 b.These 

results suggest that while relatively low concentrations of formamide, below 25%, increase the target 

access, accelerating the hybridization rate in FISH, high formamide contents lead to competition with 

the probe-target hybridization, thereby lowering the hybridization rate, up to completely preventing ef-

ficient hybridization if formamide content is too high. 

Volume exclusion agents (Dextran Sulfate) 

Volume exclusion agents are polymers commonly used in in situ hybridization assays to enhance hybri-

dization rates by creating a crowded environment in which the polymer occupies solvent space, and 

increases the local concentration of DNA.255,283,294,295 We demonstrate the applicability of our method to 

investigate effects of volume exclusion agents by characterizing hybridization rates in hybridization buf-

fers containing varying concentrations of dextran sulfate. Dextran sulfate is considered the most suitable 

volume exclusion agent for in situ hybridization due to its ability to significantly accelerate hybridization 

kinetics, while at the same time retaining low levels of non-specific signals.296   

Figure 6.4 presents kinetic FISH measurements for hybridization buffers containing 0%-10% dextran 

sulfate.  

  
Figure 6.4. Experimental results showing kinetic measurements for different concentrations of dextran 

sulfate as function of time. 
(a) Hybridization curves for 28 nM probe concentrations in hybridization buffer containing 0%, 2.5%, 5% and 10% 

(v/v) dextran sulfate. The on-rate increases linearly with increasing concentration of dextran sulfate. (b) A plot of 

kon vs. dextran sulfate content. (c) A time sequence of a group of cells undergoing in situ hybridization in a buffer 

containing 5% dextran at different points in time. The signal increases over time until saturation. The scale bar refers 

to all images; all images are background subtracted. 
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The hybridization rate increases linearly with increasing dextran sulfate content as shown in   

Figure 6.4 a. Higher concentrations of dextran sulfate resulted in too high viscosity of the hybridization 

buffer which could not be confined using the MFP. 

 

We compare the effect of dextran sulfate on in situ hybridization to two extreme cases of volume exclu-

sion: in the bulk, where both targets and probes are in free solution and the effect is most pronounced, 

and in intact cells, where these effects are minimal.271 The linear increase in FISH hybridization rate 

indicates a weaker effect than the exponential relation between the content of dextran sulfate and the 

renaturation rate of DNA reported for hybridization experiments in the bulk.271 In contrast, in live cells, 

exclusion agents have minimal effect on intracellular hybridization rates due to the molecular crowding 

in the cell.271 The linear trend implies that while the effects of molecular crowding are reduced in FISH 

due to digestion of the cellular and nuclear matrix during the cell pre-treatments, these effects are not 

entirely lost, leading to a more moderate effect on the hybridization rates than in the bulk. Furthermore, 

in FISH, the volume exclusion agent mainly affects the free probes, while the targets are immobile in the 

cell. Thus the effective concentration of the probe, cp increases, while the target concentration, ct, remains 

unchanged. 

Ionic strength 

Ionic strength strongly affects DNA hybridization by stabilizing the helix structure of both single 

stranded DNA and duplexes,297 and neutralizing electrostatic repulsion between complementary strands 

through shielding of the negatively charged phosphate backbone.298,299 

In FISH reactions, positively charged ions are used to stabilize the hybridized nucleic acid duplexes by 

serving two functions: stabilizing the DNA strands, similarly to hybridization in solution,300,301 and com-

pensating for the increased negative charge density in the nucleus.302,303 The ionic strength dependence 

in a FISH reaction is thus expected to reflect both of these effects. The latter is parallel to surface hybri-

dization assays, in which the immobilized probes create a negative charge density layer.304,305 This layer 

leads to an electrostatic barrier to hybridization, implying that at low ionic strength conditions, hybridi-

zation would not occur unless solution ions provide sufficient charge screening. Equivalently, due to the 

high concentration of negative charges of the densely packed DNA in the nucleus, we expect a similar 

electrostatic barrier to be present. 

Figure 6.5 a presents kinetic measurements of FISH hybridization at salt concentrations varying between 

150 mM and 1 M NaCl. With no NaCl present, as expected, no hybridization occurred, indicating that 

the electrostatic repulsion in the nucleus completely prevents FISH probes from accessing the target. 

Figure 6.5 b presents a plot of kon as function of the ionic strength. The hybridization rate increases with 

increasing salt concentration. We identify two regimes in the plot; while a prominent rate increase occurs 

as the concentration is increased to 300 mM NaCl, the rate increase is more moderate as we further 

increase the salt concentration up to 1 M. We attribute the steeper slope at lower ionic strength to a 

combined effect of duplex stabilization and electrostatic shielding of the nuclear negative charge. The 

effectivity of the latter rapidly increases at lower ionic strengths (<300 mM), due to a higher activity 

coefficient, according to the Debye-Hückel model.306 As the salt concentration is further increased, the 
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Debye-Hückel model is no longer valid and the rate increase becomes more moderate due to a transition 

to a different behavior. These results are in consistence with measurements by Owczarzy et al.,307 and 

Lang et al.308 Figure 6.5 c presents fluorescent images of end-point results at different ionic strengths. At 

high ionic strength of 1 M NaCl, we observe a relatively high level of non-specific signal in the nucleus. 

This signal is likely caused by non-specific binding of probes, forming duplexes which are stabilized by 

the high ionic strength. The non-specific signal surrounding the (brighter) specific signals leads to varia-

bility in the mean signal in the analyzed region of interest (ROI), as described in the Experimental Section 

6.2, causing the larger error bars obtained at this condition. 

 

 

Figure 6.5. Experimental results showing kinetic measurements at varying ionic strength of the hybridi-

zation buffer as function of time. 
(a) Hybridization curves for 28 nM probe concentrations in hybridization buffer containing 150 mM, 300 mM, 600 

mM and 1 M NaCl. (b) Plot of kon as function of the ionic strength. While a notable increase in kon occurs as the 

ionic strength is increased to 300 mM, the increase is more moderate as the ionic strength is further increased. Dashed 

lines show linear trends to guide the eye. (c) Fluorescent images of end-point results at each of the ionic strength 

conditions after 15 min incubation. The scale bar refers to all images. All images are background subtracted.  
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6.4 CONCLUSION 

We presented a new method for real-time monitoring and kinetic analysis of the FISH signal inside the 

cell. We combine convection enhanced transport and switching between a fluorescent probe solution and 

a non-fluorescent imaging buffer during which the FISH signal is recorded. Thus, while imaging, the 

background signal associated with unhybridized probes is completely removed and accurate kinetic mea-

surements can be obtained in real-time. We implemented the method using a microfluidic probe which 

is beneficial due to its non-contact operation on open surfaces, allowing interaction with confined regions 

on-surface without physical disruption of the sample. The use of the microfluidic probe is particularly 

advantageous for surface-based samples, which are typical for FISH assays, such as cell blocks and tissue 

sections. Furthermore, the convection-based delivery of constant probe and solution concentration to the 

surface allows performing kinetic measurements within relatively short times in contrast to the typical 

diffusion-based delivery in FISH assays, associated with long assay times of up to 94 hours, and allowing 

only a single end-point measurement per assay, after a stringent wash.  

We demonstrated the applicability of the method to monitor the effects of four examples of hybridization 

conditions typically used to increase the in situ hybridization efficiency: probe concentration, volume 

exclusion agents content (dextran sulfate), destabilizing agents content (formamide) and ionic strength. 

We note that our method is not limited to the effects demonstrated here and can be also used to charac-

terize effects of other conditions and solvents, for example, temperature, different probe sequences, leng-

ths and types (e.g., peptide nucleic acid or morpholino probes), and other rate-enhancing agents (e.g., 

ethylene carbonate, sulfolane, or g-butyrolactone).242 

While in this work we performed separate kinetic measurements to analyze the effects of each condition 

and the off-rate in our reaction was negligible, we note that the method can be also used to monitor 

combinatory effects as well as dissociation reactions when koff is significant, by constantly delivering 

only the imaging buffer after the hybridization reaction has reached saturation, and monitoring the signal 

as the probes dissociate. Furthermore, the method can be used to monitor reactions and binding events 

on the cell membrane.  

The experimental results presented in this work show that the in situ hybridization reaction cannot be 

accurately described by models based on hybridization in a cell-free system, and unique effects for ISH, 

such as molecular crowding and local charge density should be taken into account to construct a com-

prehensive theoretical or computational model. Such effects could not be previously observed since FISH 

assays generally rely on diffusion-based transport of probes leading to uncontrolled concentrations on 

the surface. To the best of our knowledge, this is the first method allowing real-time quantitative kinetic 

measurements in FISH, applicable for any probe type and applicable for monitoring a wide variety of 

hybridization conditions. We believe this method opens the door to new insights and better understanding 

of in situ reaction processes which could not be formerly quantified due to the limitations imposed by 

the traditional FISH techniques, and facilitate the design of new assays and protocols as well as more 

accurate theoretical or computational models describing in situ hybridization. 
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7 CONCLUSION AND PERSPECTIVES 

7.1 SUMMARY AND CONTRIBUTIONS 

Micro fluorescence in situ hybridization for cytogenetic analyis of cell monolayers 

1. We developed the concept for an open-space microfluidic FISH implementationto overcome chal-

lenges and bottlenecks inherent to microfluidic FISH implementations using closed microfluidic 

devices requiring direct contact with the sample or immobilization of the cytological substrate within 

the device. 

2. We developed an MFP-based FISH protocol, which is compatible with the standard bench-top FISH 

assay.  

3. We demonstrated localized FISH probe incubation of selected cells with FISH probes at the mi-

crometer length-scale. 

4. We designed an MFP head with four microchannels four confining the viscous FISH probes in a 

hierarchical hydrodynamic flow confinement. 

5. We realized spatially multiplex FISH analysis on a single cytological substrate using spectrally 

equivalent probes. 

Rapid micro fluorescence in situ in tissue sections 

1. We demonstrated the applicability of micro-scale FISH for diagnostic applications. 

2. We qualitatively explored the effect of sample integrity, hybridization buffer and FISH probe length 

on the hybridization efficiency.  

3. We adapted methods and protocols realizing rapid FISH reactions in formalin fixed paraffin embed-

ded tissue sections using single stranded oligonucleotide FISH probes in formamide-free buffer sys-

tems. 

4. We implemented sub-microliter recirculation of FISH probes for efficient use of finite FISH probe 

volumes. 

5. We validated these methods by detecting a breast cancer biomarker –the HER2 gene–  in the abnor-

mal areas from tissue microarray cores. 

 

RT-FISH : Real-time monitoring of FISH reactions 

1. We developed a new method RT-FISH for real-time observation of FISH reactions. To the best of 

our knowledge this is the first demonstration enabling real-time kinetics measurements. 

2. We designed a microfabricated head with a switching chamber to realize rapid liquid switching be-

tween a solution of FISH probes and an imaging buffer, enabling real-time monitoring of individual 

FISH signals. 

3. We experimentally characterized the switching properties at low flow rates. 
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4. We presented a model describing the hybridization reaction of FISH probes to their chromosomal 

targets in the nucleus. 

5. We measured the hybridization rate constant kon and its dependence on various reaction parameters 

experimentally and compared the findings to literature values for DNA hybridization in the bulk and 

on a surface. 

7.2 CONCLUSIONS 

Since its early implementations in the 60ies, FISH has grown to an important, powerful and sensitive 

technique for detection of chromosomal and transcription abnormalities in microbes, cells and tissues for 

research and diagnostic applications.  

 

Although first used in the 80ies, the physical implementation of standard bench-top FISH has changed 

only marginally. In the last decade however, the microfluidic community introduced a range of methods 

for implementation of FISH on-chip. The selected microfluidic implementations presented in this article 

address important problems of conventional FISH reducing the workload, minimizing the reagent con-

sumption or reducing the assay time.  

 

While the MFP belonging to the new class open-space microfluidic devices enables rapid micro-scale 

FISH analysis of cells and tissue sections, it can also be used for real-time monitoring of FISH assays 

enabling kinetic measurements. Apart from developing mathematical models to predict reaction parame-

ters, such as FISH hybridization time or optimal reaction temperature, we believe that this method can 

also be used to optimize FISH assays or characterize the probe specificity and sensitivity of new probes 

developed in the future. Such measurements are important to understand the underlying biophysical me-

chanism of FISH, which could enable transitioning from empirical towards rational design of FISH as-

says. 

 

By overcoming some of the key limitations of the FISH assay and by presenting approaches towards 

rational design of new FISH assays, these devices present powerful strategies to make FISH more per-

vasively used in diagnostic laboratories. However, before these devices can be used integrated into a 

routine diagnostic workflow, cohort studies are needed for validation of the new assays for a range of 

disease and cancer biomarkers.  

  



Conclusion and Perspectives 

80 

 

7.3 FUTURE DEVELOPMENT 

The focus of the work presented in Chapters 4-5 was to overcome the rate-limiting step in FISH, the 

probe hybridization, by using an MFP. However, combining recently reported features for liquid hea-

ting309 and liquid switching228 in the MFP head, it is possible to implement the entire FISH protocol and 

automate the assay with the MFP. Once the assay is automated, clinical studies can be done in order to 

translate the assay into a clinically reliable tool. 

 

A shortcoming of the used device is currently the low throughput. There is the possibility to form multiple 

confinements and process a larger number of samples simultaneously by adapting the design of the MFP 

device. The shape and the footprint dimensions can be adapted by changing the aperture geometries 

which could range from 1 × 1 µm2  up to 1.2 × 0.3 mm2 for the vertical MFP.229,230 To further reduce the 

time of tests, one approach is to increase the concentration of the FISH probes. Phung et al. recently 

focused a high concentration plug of FISH probes with isotachophoresis in a microfluidic channel for 

FISH analysis of bacteria.310 Combining this approach with the HFC to move a ‘static’ high concentration 

plug for more  

 

Going forward, we expect to adapt the method for multiplexed RNA FISH for research applications using 

branched RNA probes. We are currently establishing this technique in our laboratory at IBM Research-

Zurich and preliminary results are presented in Figure 7.1. The recently developed RNA ISH methods 

revealed new biomarkers, which may become diagnostic or prognostic markers in the future182,311,312. 

Further, by combining MFP-based cell lysis and subsequent DNA sequencing or qPCR with MFP-based 

FISH for detection, the MFP could be used for detection of new biomarkers. 

 

In this thesis RT-FISH was used to measure the rate constant for one set of FISH probes in a range of 

FISH buffers. However, the FISH reaction is depending on a multitude of parameters, ranging from probe 

type to preparation of the cytological sample or the chemistry of the hybridization buffer. We thus foresee 

that this tool will be used to perform kinetic measurements for a broader range of parameters, which will 

allow to approach and better understand this multiparametric problem, by building precise mathematical 

models using the measured values by RT-FISH. Another option would be to use this tool for design of 

experiments. Competitive binding effects between probes, new buffer systems, pre-treatment and sample 

fixation protocols could be found, which could enable moving from empirical towards rational FISH 

probe and FISH assay design. 

 

Thus, we believe that the here presented protocols, methods and tools using an open-space microfluidics-

based FISH has great potential for making FISH more pervasive in research and diagnostics. 
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Figure 7.1. Conventional bench-top, chromogenic in situ hybridization in FFPE breast tumor section.  
Brightfield micrographs of FFPE breast tumor section after RNA in situ hybridization. Red precipitates represent 

HER2 mRNA copies in the cells. Nuclei (violet) were counterstained with Gill’s hematoxylin. 

  

100 µm 
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APPENDIX 
A1. Velocity profile and shear in a rectangular channel 

 

Solving Navier-Stokes for a square microchannel with no slip boundary conditions at the walls the ve-

locity profile is obtained as: 

P1(û, ü) =
,UV
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Where Q is the volumetric flow rate and h and w are the channel height and width. The series in above 

solution converge after summation of the first two terms and can be simplified as follows with negligible 

loss of accuracy: 
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The wall shear stress in a microchannel is critically important in context of microfluidic cell culture as 

the shear can alter the cells behavior or even damage them if the magnitude is too large. To obtain the 

shear distribution we differentiate u in equation (s2) with respect to z resulting in wall strain rate: 
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With channel aspect ratio r = w/h equation (s3) can be rearranged in terms of r and h, the aspect ratio 

and height of the channel: 
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A2. Solution for Stagnation flow 
Often when processing an open surface the fluid flow is brought to the surface from the top rather than 

parallel to the surface. This flow pattern can be modeled by a stagnation flow, a classical boundary layer 

problem that has been described as follows. For the inviscid region outside of the boundary layer (y>δ) 

the stagnation flow is described by the stream function44: 

¿ = ¡¬û,  ¡ = Ç

+
        (s5) 

Which gives: 

P =
É√

Ém
= ¡¬    And    ã = −

É√

É1
= −¡û     (s6) 

For the region inside of the boundary layer (y <δ) 44: 
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Å

E
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+
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Which gives: 

P =
É√

Ém
= ¡¬ê«(ƒ) And  ã = −ê(ƒ)√¡∆     (s8) 

The ratio of x-velocity inside and outside of the boundary layer is given with44: 
c

%
= ê«(ƒ)        (s9) 

Solving Navier-Stokes equations using the above relationships for the velocity field and numerical solu-

tion from Refs.44,45 the momentum boundary layer thickness is given by: 
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Wall shear stress for stagnation flow can be obtained as follows: 
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Showing that shear stress in axisymmetric stagnation flow increases with an increase in velocity and 

viscosity of the fluid while an increase in the distance between the jet and the surface reduces the shear. 

 

A3. Hydrodynamic force on a solid particle moving perpendicular to open surface 
The drag force acting on the particle with diameter d moving towards a solid surface at a velocity of U 

is given by44,45: 
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í =
,

h
sinhÃ∑

ñ(ñ∂K)

(MñAK)(Mñ∂h)
ÕM Ø∞±¥

(Mñ∂K)Œ∂(Mñ∂K) Ø∞±¥ MŒ

,Ø∞±¥XHñ∂
B
X
OŒA(Mñ∂K)XØ∞±¥XŒ

− 1œ–
ñfK    (s13) 

Where Ã = &

l
  is the ratio of the particle diameter, d, to the distance from the surface, h. 
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A4. Workflow of conventional and MFP-based FISH 
The workflows of conventional FISH are compatible with the workflow of MFP-based FISH analysis of 

cells and tissue sections. In conventional FISH detergent washes are needed for washing off FISH probes 

bound to off-target regions, thereby reducing the ‘background’ noise. In the MFP-based FISH imple-

mentation however, no detergent washes are needed. Likely, the convection-based incubation step itself 

reduces the amount of non-specifically bound probes in off-target regions. Further flow-based washing 

step with a detergent-free solution results in an efficient wash. 

 

 

Figure A.1. Workflow of conventional and MFP-based FISH. 
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A5. BAC-derived probes in formamide-based buffer in MFP-based FISH on FFPE 

samples 
After 20 min MFP-based FISH probe incubation of a mix of CEP17 probes in conventional FISH buffer 

(KBI-FHB) – protocol of Chapter 4 - faint FISH signals were present. To realize fast FISH analysis of 

FFPE sections within < 10 min hybridization time, we thus adapted the protocols and methods as detailed 

in chapter 5.  

 

Figure A.2. MicroFISH using CEP17 BAC-derived probes in formamide-based hybridization buffer.  
(a) Fluorescence micrograph during FISH probe incubation with the MFP on FFPE MCF-7 cell blocks. (b) Fluores-

cence micrograph of CEP17-specific signals (red) in the MCF-7 nuclei (green) after 20 min incubation. 

 

A6. Image processing algorithm of raw fluorescence FISH signal micrographs 
Image analysis was done using the image processing filter sets in FIJI.  

 
Figure A.3. Image processing procedure.  
(a) Micrograph of Cen17 signals (green) in cell nuclei (blue) before processing, and, (b) after processing. (c) Raw 

image, (d) after outlier subtraction, (e) after despeckling and (f) after smoothening. 
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A7. Bench-top overnight HER FISH probe incubation on FFPE cell blocks  
Compared with MFP-based FISH, in conventional FISH the off-target FISH signal intensity is higher 

than off-target signal intensity after MFP-based FISH experiments (Chapter 5). 

 

 

Figure A.4. HER2 status of BT-474 and MCF-7 cells with HER2/Cen17 FISH probes.  
Fluorescence micrographs of HER2 signals (red) and Cen17 signals (green) in BT-474 FFPE cell blocks 

(HER2/Cen17 > 2) and MCF-7 cell blocks (HER2/Cen17 < 2). 

 

A8. Cen17 oligonucleotide FISH probe sequences 
The Cy3 dually labeled oligonucleotide probes used in chapter 5-6 were ordered from Integrated DNA 

Technologies. 

 
Table A:1 Sequences of the synthetic Cen17 oligonucleotide probes. 

Seq-1 5'-(Cy3)-AACGAATTATGGTCACAT-(Cy3)-3' 

Seq-2 5'-(Cy3)-GGTGACGACTGAGTTTAA-(Cy3)-3' 

Seq-3 5'-(Cy3)-AACGGGATAACTGCACCT-(Cy3)-3' 

Seq-4 5'-(Cy3)-ATCACGAAGAAGGTTCTG-(Cy3)-3' 

Seq-5 5'-(Cy3)-TTTGGACCACTCTGTGGC-(Cy3)-3' 

Seq-6 5'-(Cy3)-GAATCTTCACAGGAAAGC-(Cy3)-3' 

Seq-7 5'-(Cy3)-GATTCTACACAAAGAGAG-(Cy3)-3' 
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A9. Transition times as function of flow velocity 

 

Figure A.5. Theoretical and experimental transition times as function of the flow velocity. 
Theoretical and experimental transition times as function of the flow velocity. The theoretical plot is based on equa-

tion (1) in the main text, with , , a diffusion coefficient of , and

. The transition time decreases with increasing flow rates. The experimental data follows closely the theo-

retical curve. 

 

A10. Bleaching Curve of Cy3 labelled Probe 
 

Figure A.6. Bleaching of FISH signals (cy3 labelled probes) over 10 min. 

100% laser intensity, 1 sec exposure time. (n=10 measurements) 

Bleaching time during our experiments: 3 sec per acquired z-stack: between 15 and 20 acquisition points: 45sec- 1 

min bleaching: still higher than 90 % à we neglected bleaching in our calculations. 

  

2.5L mm= 100a mµ= 11 22 10 /D m s-= ´

1.76b =
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A11. Steps in FISH signal data analysis 
The most important steps during data analysis are explained below for one random dataset.  

 

Before analysis, the experimental settings were entered : 

 

 

 

 

 

 

 

 

 

 

Figure A.7. Experimental settings entered for one experiment. 

 

 

The metadata of all images was imported (t=0 … t=end). The metadata of the image at t=0 was sub-

tracted from all imaged and the final image (t= end) was used as a reference for selecting the FISH 

signals. 

 

Figure A.8.  Raw image before (left) and after (right) background subtraction. 

2-4 FISH signals per cell were selected manually from the last time point image and their location was 

saved. In addition, an area of cells outside of the staining region was selected as a background control. 
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Figure A.9.  Selected FISH signals in six cells. White box: background control. 

In the next step, the signal intensities from all time points were extracted based on the coordinates indi-

cated in the last step. The exponential model exlained in chapter 6 was fit to the model for extraction of 

the reaction rate constant. This was done for at least 3 datasets before the data was normalized and ave-

raged and error bars were calculated using another code. 

 

Figure A.10.  Evolution of FISH signal over time in six cells. Top left : evolution of the background 

control. 
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A12. Cell cryopreservation Protocol 
 

1. Thaw Recovery™ Cell Culture Freezing Medium, mix well and keep at 2 °C to 8 °C until use.  

2. Trypsinize cells (2 mL TrypLE for T75, 1 mL TrypLE for T25 flask). Inactivate TrypLE using 

complete medium (eg. DMEM) (TrypLE: DMEM 1:1 (v/v)). Transfer the suspension into a 15 

mL Falcon tube. Use one fraction to count cells. 

3. Spin cells down at 95 × g (1000 rpm if using an ultra centrifuge) during 5 min at 4 °C.  

4. Remove supernatant and dilute the cells in Recovery™ Cell Culture Freezing Medium to a 

final cell density of 1 × 106 to 1 × 107 cells/mL.  

5. Aliquot suspension to cryovials. Label vials with date, owner, cell type, passage number and 

update the cell list. 

6. Transfer the vials immediately to the -20 °C freezer, freeze them for 1 hour. 

7. Transfer the vials immediately from the -20 °C to the -80 °C freezer, freeze them for 24 hours. 

8. Transfer all vials (place one backup in the -80 °C) to the liquid nitrogen tank. 

9. Update the cell log list. 

 

Note: Ideal freezing conditions at cooling rate of 1 °C per minute. 

A13. Cell recovery Protocol 

 
1. Remove cells from the liquid nitrogen tank and rapidly thaw (<1 minute) frozen vial in a 37 

°C water bath until only a small amount of ice remains.  

2. Transfer suspension to a Falcon conical tube. Slowly add complete growth medium (DMEM) 

to a total volume of ~10 mL and mix gently.  

3. Centrifuge cell suspension at 95 × g for 5 min.  

4. Remove supernatant and resuspend the cells in a total volume of 6 mL (T25) or 15 mL (T75) 

and transfer the suspension to the cell culture flask and place it into the cell incubator. 

A14. Cell culture protocol 
1. Remove the old medium (DMEM). 

2. Rinse with 2.5 mL phosphate buffered saline (PBS) for a few seconds. 

3. Remove PBS. 

4. Add 2 mL TrypLE. Incubate for 2-3 min and add 3 mL of fresh medium to the tube to inactivate 

the trypsin TrypLE.�� 

5. Resuspend the cells in fresh medium and put 1/3 of it in a new flask. Fill up with fresh medium 

to approx. 7 mL total volume in the flask. 

6. Incubate @ 37 °C and repeat steps 1-5 every 2-3 days. 
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A15. Conventional FISH protocol for cell analysis 
1. Seed cells into 4 chamber slides, grow 2-4 days to a confluent layer. 

2. Remove the medium and wash twice with phosphate buffered saline (PBS). 

3. While having the PBS on top of the cells, heat them up for 2 min at 82 ºC to immobilize them: 

glassslides on heater with lid on. 

4. Add 2 drops of pepsin (100 µL) and digest the cells at 37 ºC for 10 min. Digestion of cytosolic 

proteins for nuclear isolation. 

5. Wash with saline sodium citrate (SSC). 

6. Fix the nuclei in EtOH + glacial acetic acid (3:1) at 4 ºC for 20 min. 

7. Wash twice with SSC and leave it with the buffer at 37 ºC for 10 min. (From here on everything 

is done in dark to avoid photo-bleaching). Note: Continue with steps 8-14 for conventional 

FISH or proceed with the protocol for MFP-based FISH. 

8. Pipette 10 µL FISH probes in hybridization buffer to the cells and seal the cells with a coverslip. 

Seal the corners with Rubber cement. 

9. Incubate overnight at 37 °C. 

10. Wash with Wash buffer I (0.4 × SSC / 0.3%NP-40) at 72 ºC for 3 min. 

11. Wash with Wash buffer II (2 × SSC / 0.1%NP-40) at RT for 1 min. 

12. Repeat steps 10 and 11. 

13. Rinse with SSC. 

14. Counter-stain the cell nuclei with 40 µL DAPI, mount the cells for imaging and observe the 

FISH signals under a fluorescent microscope. 
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A16. Conventional FISH protocol for formalin-fixed paraffin embedded samples 
 

1. Bake the FFPE cell blocks or tissue sections for at least 1 hour at 60 ºC. Cool down the slides 

to room temperature and add slides to a Coplin jar containing xylene. Gently agitate the slides 

at room temperature for 5 minutes. Transfer slides to another coplin jar containing fresh xylene 

for an additional 5 minutes.  

2. Dry the slides completely at room temperature and dehydrate the slides 2 times in 100% ethanol 

and dry the slide completely. 

3. Add 0.08× saline sodium citrate (pH 7-0) to a Coplin Jar and boil it during steps 2-3: Antigen 

retrieval solution.  

4. Immerse the slides in the Antigen retrieval solution and boil them at ~ 98 °C for 20 min. 

5. Cool down to room temperature and rinse the slides in 2× saline sodium citrate. 

6. Pipette pepsin onto the sample and incubate it for 10-30 min at 37-45 °C (depending on the 

sample).  

7. Rinse with saline sodium citrate. Wash with distilled water and dry the slides completely. Note: 

Continue with steps 8-14 for conventional FISH or proceed with the protocol for MFP-based 

FISH. 

8. Pipette 10 µL FISH probes in hybridization buffer to the cells and seal the cells with a coverslip. 

Seal the corners with Rubber cement. 

9. Incubate overnight at 37 °C. 

10. Wash with Wash buffer I (0.4xSSC/0.3%NP-40) at 72ºC for 3 min. 

11. Wash with Wash buffer II (2xSSC/0.1%NP-40) at RT for 1 min. 

12. Repeat steps 10 and 11. 

13. Rinse with SSC. 

14. Counter-stain the cell nuclei with 40µL DAPI, mount the cells for imaging and observe the 

FISH signals under a fluorescent microscope. 
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A17. Protocol for FISH with the microfluidic probe 
1. Pipette FISH probe free hybridization buffer (eg. FHB-KFI from Leica) to the pre-treated cell / 

tissue sample and heat to 75 ºC for 10 min. 

2. Rinse the sample with saline sodium citrate and draw a hydrophobic barrier using a hydrophobic 

pen around the sample. 

3. Immerse the sample in saline sodium citrate. 

4. In parallel, heat FISH probes in a PCR tube at 75 ºC for 10 min.  

5. Pipette the denatured FISH probes into a PCR cap and aspirate these probes into the MFP head. 

6. Place the cytological sample onto the sample holder of the MFP platform and approach the cells 

with the MFP head. 

7. Inspect the sample and establish a flow confinement of FISH probes on selected are of the 

sample. 

8. Inspect the sample from time to time and stop the flow, once bright FISH signals are present. 

9. Stop the FISH probe flow and continue the confinement of saline sodium citrate for removal of 

the fluorescent probe solution. 

10. Image and mount the sample afterwards for storage. 
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A18. ViewRNA chromogenic in situ hybridization (CISH) protocol 
1. Bake the HER2 amplified tissue at 60°C for 60 min 

2. Dewax using 2x xylene, 5 min, 2x EtOH, 5 min, 1x 95% EtOH short and rinse with H2O 

3. Preincubation solution in water bath around 90°C for 20 min. and wash with H2O 2x and PBS 

4. Add protease solution (396 µL PBS warm, 4 µL Protease QF) 

5. Incubate at 40°C for 15 min 

6. Wash in PBS 2x, 1 min 

7. Add 400 µL 10% NBT 

8. Incubate at RT for 5 min 

9. Wash in PBS 2x, 1 min 

10. Add HER2 probes (390 µL Probe Set Diluent warm, 10 µL HER2 View Probes 1 µM), top up 

after around 1 h 

11. Incubate at temperature set to 39°C for 3 h 

12. Wash using wash buffer 3x, 2 min 

13. Add Pre Amp1 Solution (396 µL Amplifier Diluent warm, 4 µL PreAmp1), distribute on both 

slides (always add some during incubation) 

14. Incubate at temperature set to 40°C (mostly at 39°C) for 25 min 

15. Wash using wash buffer, 3x, 2 min 

16. Add Amp1 Solution (396 µL Amplifier Diluent warm, 4 µL Amp1), distribute on both slides 

(always add some during incubation) 

17. Incubate at 40°C for 15 min 

18. Wash using wash buffer, 3x, 2 min 

19. Add Label 1-AP probe solution (alkaline phosphatase) (399.6 µL Label Probe Diluent warm, 

0.5 µL Label Probe 1-AP), distribute on both slides (always add some during incubation) 

20. Incubate at 40°C for 15 min 

21. Wash using wash buffer, 3x, 2 min 

22. Add 400 µL AP enhancer solution 

23. Incubate at RT for 5 min 

24. Dissolve Tris tablet in 1 mL H2O, then dissolve Fast Red/Naphthol tablet 

25. Add 400 µL Fast Red Substrate, top up during incubation 

26. Incubate at 40°C for 45 min 

27. Wash in PBS for 1 min 

28. Short imaging under cover glass 

29. 5 s hematoxylin stain 

30. Wash in H2O 3x, 1 min 

31. 10 s 0.01% ammonium hydroxide 

32. Wash in H2O, 1 min 

33. Mount in ImmunoHistoMount 

34. Image 
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