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Abstract

In contrast to conventional microfluidics, where liquids are typically manipulated within closed
channels, open-space microfluidics has emerged as a new class of techniques that are well suited for versatile
interaction with biological substrates. In particular, non-contact microfluidic technologies, so called liquid
scanning probes, allow to compartmentalize otherwise fully miscible liquids in the "open space” onimmersed
surfaces and are starting to translate from academic research to commercial products. One such family of
liquid scanning probes localize liquids using hydrodynamic flow confinement (HFC). Such HFC-based liquid
scanning probes enable controlling the physico-chemical microenvironments of immersed biological surfaces
and thus are highly-suited for additive and subtractive patterning of surfaces and for interactions with cells
on surfaces. This thesis presents a scaling analysis of HFC-based liquid scanning probes in the context of one
such technology, the microfluidic probe (MFP). The analysis along each scaling dimension is based on first
principle models and validated in the context of relevant biological applications.

To improve the efficiency in the use of expensive reagents, a method to recirculate a pl-scale volume of liquid
within an HFC was developed. The concept was demonstrated in the context of forming a protein bio-array
comprising 170 deposition sites using only 1.7 ul of protein-solution. The consumption of proteins was re-
duced by a factor of 10 compared to deposition without recirculation. For HFC-based interaction at larger
length-scales, as needed in diagnostics, we further developed multi-layered vertical probe heads enabling
novel aperture geometries and arrangements. These allow the homogeneous and multiplexed incubation of
tissue sections with primary antibody solutions at processing times of a few minutes. Horizontal probe head
were used to implement a multi-step protocol for immunohistochemical analysis of samples with an opti-
mized trade-off between incubation time, signal levels and signal contrast.

Another key aspect in the translation of HFC-based liquid scanning probes is to counter two main failure
modes impending their long-term operation: 1) obstructions of apertures and channels by debris and, 2)
deviations from the ideal probe-sample distance. Both these failure modes can be addressed via a simple
design element, a microfluidic bypass channel. A liquid-filled, resistive bypass in the case of an obstruction
intrinsically re-routes flow-paths and avoids spills. An air-filled, capacitive bypass allows to track the probe-
sample distance up to 25um by observing the phase shift in transduced pressure pulses.

Towards enabling interactive microfluidic experimentation, we propose an HFC-based approach to form and
re-configure flow trajectories of reagents, so-called virtual channels. Provided enough degrees of freedom in
flow control, i.e. independently controllable injection and aspiration channels, user defined reagent-flow
paths can be matched at high fidelity in real-time. We demonstrate the concept by using virtual channels to
form patterns of proteins on a glass slide and by local lysis and staining of cell block sections.

The concepts, methods and devices presented in this dissertation contribute to the development of hydro-
dynamic confinements in the “open space” and, we think, are critical elements in the translation of HFC-
based liquid scanning probes to applications in the life-sciences.
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Zusammenfassung

Im Gegensatz zur konventionellen Mikrofluidik, welche meist auf Flissigkeitstransport innerhalb
geschlossener Kanale beruht, hat sich die «Open-Space-Mikrofluidik» als eine Klasse neuer Techniken etab-
liert, welche sich gut fir die dynamische Interaktion mit biologischen Substraten eignen. Insbesondere nicht-
kontaktbasierte Technologien, sogenannte Fliissigkeitsrastersonden, ermdglichen die Unterteilung von Flis-
sigkeitsvolumen oberhalb benetzter Oberflachen und finden zunehmend Anwendung in kommerziellen Pro-
dukten. Eine Klasse von Flissigkeitsrastersonden ermoglicht die Lokalisierung von ansonsten mischbaren Re-
agenzien mittels hydrodynamischem Flusseinschluss (HFE). Die HFE-basierten Flissigkeitsrastersonden er-
moglichen eine prazise Kontrolle der physikalisch-chemischen Umgebungsbedingungen benetzter biologi-
scher Oberflachen und eigenen sich daher sehr gut fiir die additive und subtraktive Strukturierung solcher
Oberflachen sowie fiir die Interaktion mit auf Oberflachen anhaftenden Zellen. Diese Dissertation prasentiert
eine Skalierungsanalyse HFE-basierter Flissigkeitsrastersonden am Beispiel eines reprasentativen Vertreters,
der mikrofluidischen Sonde (MFS). Entlang jeder Skalierungsdimension basiert die Analyse auf ab-initio Mo-
dellen und umfasst eine Validierung im Kontext von aussagekraftigen Anwendungsbeispielen.

Um die Effizienz in der Verwendung kostspieliger Reagenzien zu verbessern, wurde eine Methode zur Rezir-
kulation von Flissigkeitsvolumen im pl-Bereich innerhalb eines HFE entwickelt. Das Konzept wurde durch die
Erzeugung eines Protein-Bioarrays validiert, wobei 170 einzelne Proteinpunkte mit insgesamt 1.7 pl Protein-
6sung erzeugt wurden. Der Verbrauch von Proteinen wurde im Vergleich zu HFE-basierter Strukturierung
ohne Rezirkulation um einen Faktor von 10 verringert. Flr HFE-basierte Interaktionen mit grosseren Interak-
tionsflachen, zum Beispiel flir Anwendungen in der Diagnostik, entwickelten wir mehrlagige Sondenképfe,
welche die Implementierung neuartiger Offnungsformen und -anordnungen erlauben. Dies erméglicht so-
wohl homogene, als auch simultane Mehrfachinkubation von histologischen Gewebeschnitten mit primaren
Antikorpern innerhalb weniger Minuten. Ein weiterer Typ von Sondenkdpfen wurde fiir die Implementierung
mehrerer sequentieller Prozessschritte von immunohistochemischen Analysen entwickelt und ermdglicht die
Durchfiihrung einer Analyse mit einem optimalen Kompromiss zwischen Prozessierungszeit, Signalintensitat
und Signalkontrast.

Ein weiterer zentraler Aspekt bei der Uberfiihrung von HFE-basierten Fliissigkeitsrastersonden hin zur An-
wendung ist die Beseitigung zweier Hauptfehlermechanismen, welche langere Betriebsdauern erschweren:
1) Die Blockierung von Offnungen und Kanilen durch Verunreinigungen und 2) Abweichungen vom idealen
Sonden-Proben-Abstand. Diese beiden Hauptfehlermechanismen lassen sich mit einem simplem mikrofluidi-
schen Designelement, einem Bypasskanal, beheben. Ein mit Fllssigkeit gefillter Bypasskanal wirkt im Kanal-
netzwerk als herkdmmlicher Flusswiderstand und fiihrt im Falle einer Blockade zu einer automatischen Um-
lenkung der Flusspfade, wodurch sich eine Leckage von Reagenzien verhindern lasst. Ein mit Luft gefullter
Bypasskanal wirkt im Kanalnetzwerk wie ein Kondensator und induziert eine Phasenverschiebung bei der
Ubertragung von Druckpulsen. Durch Messung dieser Phasenverschiebung lassen sich Sonden-Proben-Ab-
stande bis zu 25um messen.

Um interaktive und dynamische mikrofluidische Abldaufe zu ermoglichen, haben wir eine HFE basierte Me-
thode zur Ausbildung und Umformung von Flusspfaden, sogenannter virtueller Kanale, entwickelt. Lassen



Zusammenfassung

sich die Flusspfade mit einer ausreichend hohen Anzahl an Freiheitsgraden, also durch geniigend unabhan-
gige Injektions- und Absaug6ffnungen steuern, konnen nutzerdefinierte Flusspfade in Echtzeit experimentell
dargestellt werden. Wir demonstrieren die Methode durch die gezielte Ablagerung von Proteinen auf Ober-
flachen, sowie die gezielte lokale Lyse von Zellblockschnitten.

Die Konzepte, Methoden und Gerate, welche in dieser Dissertation prasentiert werden tragen wesentlich zur
Weiterentwicklung von HFEs bei und stellen kritische Elemente in der Uberfithrung HFE-basierter Fliissig-
keitsrastersonden hin zu Anwendungen in den Lebenswissenschaften dar.

Stichworter

Open-Space-Mikrofluidik, Fllssigkeitsrastersonde, Mikrofluidische Sonde, biologische Interfaces, hydrodyna-
mische Fokussierung, Oberflachenprozessierung
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Chapter 1 Introduction

Microfluidics stands as a summation of the characteristic properties that liquids reveal when con-
fined within microscale boundaries, and of the use of these properties in miniaturized, fluid handling systems.
In micro-scale flows, several physical processes, most notably mass transport, significantly differ from the
macro-scale. In the micro-regime, effects such as viscous stresses, surface tension and wettability have a
significant impact on the fluid behavior. From a technology perspective, microfluidics has strongly benefited
from advances in the areas of microelectronics, microfabrication and microtechnology - key milestone of the
field are illustrated in Figure 1.
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Figure 1.1: Timeline illustrating main advances in microfluidics. Initially enabled by advances made in microelectronics,
microfluidics developed to a diverse and independent field with several sub-fields, using a variety of materials and fab-
rication approaches. Figure adapted from [1]. Background: Photograph of a microfluidic chip for the synthesis of radio-
actively labelled diagnostic tracers [2].

Photolithography, which was developed for the fabrication of micro-electronic structures, enabled the fabri-
cation of the first more complex microfluidic devices in the 1970’s, notably a gas-chromatography device
developed by Terry and co-workers [3]. Subsequent research efforts significantly intensified only in the
1990’s when microfluidic technologies were recognized as relevant for e.g. bio-defense and highly parallel-
ized genomic analysis [1], [4]. In the following 30 years, a wide range of fabrication processes, materials and
device concepts were developed, ranging from PDMS devices made by soft-lithography and paper microflu-
idics to 3D printed microfluidic structures.

There is a strong push in applying microfluidic methods and technologies in medicine and the life-sciences.
While basic and applied research in the microfluidic field continuous to advance, several microfluidic tech-
niques are nowadays in the transition towards industrial and diagnostic applications with increasing impact
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and potential, as e.g. illustrated by commercial gPCR technology, wearable point-of-care devices for blood
glucose monitoring and capillary electrophoresis devices for proteomics applications [5].

In the life sciences and in medical diagnostics there is a growing demand for methods enabling localized
interaction with immersed biological surfaces without making mechanical contact [6]. As such, numerous
biological interfaces are not compatible with traditional channel-based microfluidics. For this reason, “open
space” microfluidics (see Figure 1.1) is emerging that allows for interaction with standard biological sub-
strates such as Petri dishes, microtiter plates and glass slides [7]. This has enabled novel approaches and
workflows involving multiplexed interaction with complex or scarce samples, e.g. surface-adherent cells [8]—
[10], or the local analysis of spatially heterogeneous samples, such as sections of progressing tumor fronts
[11]-[13].

1.1 Open-space microfluidics for interaction with bio-interfaces

The terms “biological surfaces” or “bio-interfaces” refer to surfaces on which biochemical and biophysical
processes are implemented as part of in-vitro workflows in the life sciences and diagnostics. Bio-interfaces,
which can be artificially created (e.g. DNA- or protein arrays), grown (e.g. surface-adherent cells), or sampled
(e.g. tissue sections) (see Figure 1.2 bottom row), are central to a wide range of methods. Multiplexing and
the resolution of spatial heterogeneity in such methods is often problematic, as bio-interfaces in most cases
need to be kept in a liquid environment to prevent e.g. denaturation of proteins of interest, and spatially
applied reagents would diffuse through the buffer medium and contaminate the remainder surface.

To address the incompatibility of conventional microfluidic closed-channel systems with several commonly
used biological surfaces, the methods of open-space microfluidics have been proposed to enable localized,
multiplexed interaction with such surfaces, as highlighted in Figure 1.2. At first, open-top channel systems
were proposed [14]-[17]. Corresponding devices feature channel structures which are left open on one side
and are brought in mechanical contact with an immersed biological surface to seal the off the channels and
mechanically confine reagents to well-defined regions of interaction. Related techniques have successfully
been applied to perform local sampling and multiplexing. Nonetheless, their versatility and applicability are
limited, as the geometry of the area of interaction is pre-defined by fabricated channel structures and large
sections of the probed bio-interfaces are destroyed through the required mechanical contact.
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Figure 1.2: Microfluidic techniques for localized interaction with immersed bio-interfaces. Interfacing techniques are
symbolically presented in the top row. While the first symbol represents open-channel approaches, which rely on me-
chanical contact, the remaining four symbols refer to the class of open-space microfluidics. The row in the bottom high-
lights some demonstrated applications, such as the stimulation of single cells, the formation of bio-arrays or the staining
of samples in a diagnostic context. Figure adapted from [6].

So-called liquid scanning probes belonging to the class of open-space microfluidics take the concept of local

interaction with immersed bio-interfaces further by dropping the requirement of mechanical contact: these

methods enable to scan across bio-interfaces while confining interactions to specific locations. Attributes of

such a technology are (adapted from [6]):

1.

Compartmentalization
Enabling the confinement of reagents to well-defined regions of a bio-interface

Non-invasive
Avoiding direct contact with the substrates allows minimal perturbation of the sample.

Immersed
A liquid environment (water, buffer solution) prevents denaturation of the sample due to drying ar-
tifacts.

Biocompatible
Absence of toxic material and operating parameters such as pH and temperature should be compat-
ible with the biological sample.

Flexible
Compatibility with different topographies, length-scales and materials.

Interactive
Real-time feedback (optical signal, electrical current, force) should be provided during operation.
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Liquid scanning probes follow one of the following means of compartmentalization of liquids on top of im-
mersed surfaces:

¢ Release of only minute amounts of reagents and transport of species via diffusion

Several groups have developed atomic force microscope (AFM) cantilevers with microfluidic struc-
tures, which allow high precision scanning of bio-interfaces and the release of tiny amounts of rea-
gents at specific locations to e.g. stimulate a specific cell [9], [18]. The released volumes of reagents
are so minute, that no significant contamination of neighboring regions occurs even though the rea-
gent can freely diffuse through the buffer medium. Similarly, scanning ion conductance microscopy
(SICM) allows for high resolution analysis of bio-interfaces while releasing minute amounts of ions
[19], [20].

e Multiphase systems
Specifically, aqueous two-phase systems (ATPS) have been demonstrated as a useful approach to
impede the free diffusion and confine reagents to specific areas of interaction [21], [22].

¢ Hydrodynamic flow confinement (HFC)
By formation of laminar, deterministic flow patterns on top of bio-interfaces by injection and re-
aspiration of liquids at apertures in the head of a liquid scanning probe, the flow of reagents can be
confined to well-defined regions [23]—-[25].

In contrast to other approaches, HFC-based techniques rely on continuous flow of liquid in deterministic
patterns to focus the flow of a processing within the flow of an immersion liquid. The processing and the
immersion liquid are miscible, eliminating complications arising from effects related to surface tension and
local changes in wetting properties of the scanned surfaces. Corresponding methods are well-suited for com-
plex, sequential interactions with biological surfaces at length scales starting from a few um up to a few
hundred um. Main representatives of this family of liquid scanning probes are the picoliter fountain pen [23],
the multifunctional pipette [24] and the microfluidic probe [25].

1.2 HFC-based liquid scanning probes

The microfluidic probe (MFP) is a representative implementation of an HFC-based liquid scanning probe,
which can be fabricated from a range of different materials such as silicon and glass, PDMS, SU8, COC and
others [26]—[28]. Characteristic for the MFP is a probe head with a flat apex, about 1 mm x 1 mm in size, with
at least two apertures at its center. These apertures are linked to microfluidic channels within the probe head
and can be used to inject and aspirate liquids (see Figure 1.3a). The MFP allows to form a hydrodynamic flow
confinement (HFC) of a liquid reagent on immersed bio-interfaces. To this end, a bio-interface of interest is
placed in an xy-scanning system on the stage of an inverted microscope (see Figure 1.3b). The substrate
supporting the bio-interface and the bio-interface itself should be semi-transparent (such as tissue sections,
surface adherent cells, protein arrays, etc.) to enable a proper set-up of the probe head and a monitoring of
the flow confinement. The probe head, mounted on a z-stage and aligned with the optical path of the micro-
scope, is immersed in the buffer liquid covering the bio-surface of interest. After an alignment ensuring that
the apex is oriented parallel to the bio-interface, the gap between the apex and the bio-interface is set to
about 20 um (varies for specific cases). Now immersion buffer is aspirated towards one of the apertures at a
flow rate Q,, forming a laminar, radial pattern of inward flow towards the aspiration aperture. If now a
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reagent is injected from a second neighboring aperture at a much lower flow rate Q; (usually lower by a
factor of 3), this flow of reagent is confined in an HFC, bounded by the surrounding flow of immersion buffer.
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Figure 1.3: Working principle of the microfluidic probe (MFP). a) a probe head with microfluidic channels connected to
apertures at the apex is positioned at about 20um from a biological surface. A reagent is injected and simultaneously
re-aspirated at a higher flow rate together with some of the surrounding immersion liquid to form a hydrodynamic flow
confinement (HFC). b) Photograph of an actual MFP setup on the stage of an inverted microscope. The inset shows a
sketch of the HFC as it would be seen through the microscope. c) Representative Si-glass probe head with four apertures
(one of the injection apertures is linked to three inlets to allow a fast exchange of the processing liquid). The channel
structures are etched into a silicon substrate and closed off by anodic bonding to glass [26].

The shape of the HFC can be tuned by variation of the flow rates Q; and Q; and the gap distance between
probe head and bio-interface d, but it also depends on the design of the probe and the platform, such as the
area of the apertures A; and 4;, the spacing L between them, as illustrated in Figure 1.1. Usually a dye is
added to the reagent, so the HFC can be monitored and adjusted in real-time while it is scanned across the
bio-interface.



Introduction

Figure 1.4: Dependencies of HFCs. a) The performance parameters of an HFC depend a several parameters, of which
some are given by design and others can be varied dynamically. b) lllustration of key settings influencing the HFC. c)
Exemplary illustration of nested HFCs formed by application of different flow rates at four apertures.

When formed between a probe head and a bio-interface, the flow patterns of an HFC can be modelled using
the Hele-Shaw approximation for flow between two parallel surfaces. This allows to establish comprehensive
analytical models of the transport and flow phenomena occurring in HFCs to predict and analyze for example
the shape of the HFC, the resulting shear stresses, the area of interaction, or the residence time of fluid
volumes along the interface between co-flowing streams to e.g. determine diffusive fluxes (see Figure 1.5).
Such models can further be combined with models for reactions at surfaces to analytically analyze deposition
processes. We grouped several such models in an analytical Matlab-toolbox (see Figure 1.5a), which was a
highly valuable first resource to validate the concepts presented in this thesis and was specifically used for
the work described in Chapter 3.
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Figure 1.5: Analytical modelling of HFCs. a) Analytical modelling toolbox for shape-prediction of HFCs in Hele-Shaw con-
figuration. b) Shear stress plot corresponding to the flow pattern depicted in a). c) Experimental demonstration of the
dependency between HFC footprint, ratio of flow rates and gap distance (adapted from [25]). d) Area of the HFC foot-
print predicted by the analytical toolbox compared to experimental data. e) analytical, z-averaged plot of time versus
travelled distance of a control volume of fluid moving along the interface within a nested HFC (interface between blue
and black flow pattern in a)).

The MFP allows to treat well-defined areas of an immersed bio-interface at the scale of tens of um up to
hundreds of um with sequences of reagents, while avoiding cross-contamination between individual areas
of interaction. This opens a range of new opportunities grounding on multiplexed interaction with immersed
bio-interfaces. The MFP has successfully been employed for relevant processes, such as localized immuno-
histochemistry of tissue sections, the local treatment of surface-adherent cells, local cell lysis for downstream
DNA- and RNA- analysis, characterization of reaction constants, and the formation of protein-arrays [8], [29]—
[31].

1.3 Structure and content of the thesis

This thesis seeks to further extend the applicability of HFC-based liquid scanning probes for interaction with
bio-interfaces to explore the limits of corresponding techniques and to facilitate their adoption in the real-
world.

To this end, Chapter 2 presents the theoretical basis and an overview of the state-of-the-art of hydrodynamic
flow confinement and is based on a review article which is currently being composed for submission in fall
2019:
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David P. Taylor, Prerit Mathur, Todd M. Squires, Philippe Renaud, Govind V. Kaigala, “Hydrodynamic
confinement of convected species across length-scales,” manuscript under preparation

Chapters 3-6 present a scaling analysis in the context of the MFP along four strategic dimensions (see Fig-

ure 1.6):
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Figure 1.6: Structure of this thesis. At its core, this thesis is a scaling analysis of the techniques based on hydrodynamic
flow confinement (HFC) along four strategic dimensions (chapters 3 —6). The framework of the scaling analysis put forth
in chapter 1.

Chapter 3 — Efficiency:

On account of the need to maintain a continuous flow of the processing liquid to confine the liquid, HFC-
based liquid scanning probes can consume high amounts of reagents while interacting with a bio-interface.
In the case of interaction times of several minutes, this leads to a consumption of several ul per interaction
area, which, considering the exorbitant costs of many bio-reagents, can make this approach very expensive.
In order to minimize the consumption of reagents without compromising other performance parameters, we
developed a method to recirculate a given volume of reagent within the HFC to re-use it on several areas of
interaction. This method was published in Analytical Chemistry, where it was highlighted on the front cover
of the corresponding issue, and as a textbook chapter:

J. Autebert, J. F. Cors, D. P. Taylor, G. V. Kaigala. "Convection-enhanced biopatterning with recircu-
lation of hydrodynamically confined nanoliter volumes of reagents.” Analytical chemistry, 2015,
88(6), 3235-3242.

J. F. Cors, J. Autebert, A. Kashyap, D. P. Taylor, R. D. Lovchik, E. Delamarche, G. V. Kaigala. “Hierar-
chical Hydrodynamic Flow Confinement (hHFC) and Recirculation for performing Microscale
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Chemistry on Surfaces,” Open-Space Microfluidics: Concepts, Implementations, Applications. Wiley-
VCH Verlag GmbH, 2018 (ISBN: 978-3-527-34038-5)

Chapter 4 — Area of interaction

The ability to interact with only a single area at the scale of about 100um to 200um can limit the applicability
of HFCs. For example, in the case of tumor tissue sections it is a requirement to analyze areas on a surface
large enough for the results to be statistically relevant. It would be desirable to treat a cm-scale sample by
little or no scanning motion of a liquid scanning probe. Based on analytical and numerical models, we devel-
oped strategies to enable the efficient processing of bio-interfaces at the mm- to cm-scale using probe heads
with adapted aperture geometries. The models, scaling considerations, designs and a proof-of-concept were
published in Langmuir and as a textbook chapter, while a complementary manuscript is currently being pre-
pared for submission in fall 2019:

D. P. Taylor, I. Zeaf, R. D. Lovchik, G. V. Kaigala, “Centimeter-Scale Surface Interactions Using Hydro-
dynamic Flow Confinements,” Langmuir, 2016, 32(41), pp. 10537-10544.

Lovchik, R. D.; Taylor, D. P.; Zeaf, |.; Delamarche, E.; Kaigala, G. V. “Hydrodynamic flow confinement-
assisted immunohistochemistry from micrometer to millimeter-scale,” Open-Space Microfluidics:
Concepts, Implementations, Applications. Wiley-VCH Verlag GmbH, 2018 (ISBN: 978-3-527-34038-5)

R. D. Lovchik, D. P. Taylor, G. V. Kaigala, “Rapid p-IHC,” manuscript under preparation
Chapter 5 — Time of interaction

When testing HFC-based interactions in real-world applications, we identified two main failure modes. The
first failure mode is triggered by an obstruction of the flow path of reagent. As liquid scanning probes are
usually not set up in a clean-room environment, the concentration of dust particles in the immersion liquid
naturally increases over time. Such particles can aggregate and clog the aspiration aperture, which can result
in a breakdown of the HFC and a leakage of the reagent into the immersion liquid. The second failure mode
is the deviation from the desired gap distance between probe head and bio-interface. This can occur when
interfacing with surfaces, which either have an unknown surface topography or are not perfectly aligned with
the scanning plane of the probe head. A too large gap distance results in insufficient interaction between
HFC and bio-interface, a too small gap distance can result in mechanical contact and a damaging of probe
head and bio-interface. When interacting with cm-scale samples in a routine manner, it is only a question of
time when one of the named failure modes occurs. We make use of a simple, passive design element — a
microfluidic bypass channel — which can be used in resistive mode when filled with liquid to intrinsically re-
route the flow of reagent in the case of an obstruction, or in capacitive mode when filled with gas to contin-
uously monitor the gap distance. This concept, along with corresponding analytical models and a proof of
concept for either operational mode was published in IEEE Transactions on Biomedical Engineering and se-
lected as a feature article for the 2019 September issue:

D. P. Taylor and G. V. Kaigala, "Fluidic bypass structures for improving the robustness of liquid scan-
ning probes," IEEE Transactions on Biomedical Engineering, 2019, doi: 10.1109/TBME.2018.2890602

Chapter 6 — Degrees of freedom in flow control
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In this chapter we investigated how a significant increase of the degrees of freedom in flow control, that is
individually controllable injection- and aspiration-flows, would impact the characteristics of the HFC. Along
these lines, we increased the number of individually controllable injection- and aspiration-flows from two
(standard MFP probe head) to 18. The prototype device featuring a corresponding array of apertures was
not built as a liquid scanning probe, but the apertures are kept static relative to the bio-interface. It showed
that providing enough degrees of freedom might make the need for scanning the HFC across a bio-interface
obsolete in many cases: the flow of reagent can be re-shaped in real-time to address different regions of a
bio-interface based on graphical user-input. The HFC can be set to take on the shape of conventional micro-
fluidic channels, with the difference that the HFC-based “virtual channels” are not bounded by physical walls
and can by dynamically re-configured. This concept is very well suited for the dynamic interaction with bio-
interfaces, as the setup is comparably simple and robust and enables highly dynamic interaction across length
scales. Virtual channels might also be interesting for the manipulation of suspended objects or sorting and
fractionation processes. This concept together with the corresponding theoretical framework and several
experimental implementations is currently being reviewed for publication in Small and was accepted for an
oral presentation at the 2019 uTAS-conference in Basel.

D. P. Taylor and G. V. Kaigala, "Reconfigurable Microfluidics: Real-time Shaping of Virtual Channels
through Hydrodynamic Forces," Small, 2019, under review (smlil.201902854).

D. P. Taylor and G. V. Kaigala, "Reconfigurable Microfluidics: Real-time Shaping of Virtual Channels
through Hydrodynamic Forces," uTAS conference proceedings, 2019.

Chapter 7 concludes this work presented in this dissertation by summarizing key findings and providing a
view on potential further directions.
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Chapter 2 Hydrodynamic confinement of
convected species across length-scales

The content of this chapter is based on a draft version of a tutorial article on the topic of hydrody-
namic confinements. We plan to submit the final article for publication in fall 2019.

David P. Taylor, Prerit Mathur, Todd M. Squires, Philippe Renaud, Govind V. Kaigala, “Hydrodynamic confine-
ment of convected species across length-scales,” manuscript under preparation

To this work, | contributed following aspects:
e Qutline and conceptualization
e Drafting of text and figures

e Theory for sections for 2.4 and 2.5

2.1 Introduction

Microfluidics has brought forward methods and devices for the precise manipulation of minute volumes of
liquid, which allow to miniaturize established “on-bench” methods, while boosting efficiency, time-to-result,
multiplexing and sensitivity — with wide-reaching impact in the life sciences and related industry [1]. In its
very essence, “precise manipulation of fluids” refers to controlling the position and trajectory of one or sev-
eral species of interest, which might be the molecular constituents of a pure homogeneous fluid itself, or
entities contained within the matrix of a host fluid. Common examples for the first case are water and alcohol,
which serve as reactants in a wide range of biochemical processes. The latter case on the lower end of the
scale refers to small molecular species in a host liquid, such as ions setting a specific pH level with sizes in the
A-range, to molecules in solution, e.g. IgGs, with sizes around 15nm, and at the upper end of the scale also
includes suspended objects, such as cells or beads with sizes in the range of up to 10 um — 100 um.

The precise manipulation of entities — be it the bulk of a fluid or an advected species —in a microfluidic setting
is usually needed to either:

1. perform aninteraction, e.g. a chemical reaction, in well-defined volume, or on a well-defined surface
2. sort entities based on specific properties to analyze or further process a population of interest
3. increase the local concentration of entities to boost signal levels or to speed up reaction kinetics

or combinations thereof. To enable precise manipulation of fluids and advected species, a wide range of
approaches to confine fluids has been established (approaches for the confinement of bulk fluids are marked

with 0, approaches for confinement of advected species are marked with e):

¢ Physical boundaries ¢®

11
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The formation of physical boundaries is the most traditional and straightforward approach to set up
a confinement of fluids together with advected species to a desired volume. Some special implemen-
tations also allow to direct the diffusive motion of contained species by means of special wall-geom-
etries in nano-scale cavities [32], [33]. Physical boundaries may be implemented in the form of solid
walls or membranes (e.g. gel, paper, polymers) [3], [34]-[36], interfaces of immiscible phases [29],
[37]-[39], transitions in the wetting properties (i.e. hydrophobic patches on surfaces) [40] and com-
binations thereof. Advantages of physical boundaries are their potential to fully suppress convection
while often being permeable to the diffusion of specific species of interest [36]. On the downside,
physical walls often have pre-configured geometries and, once formed, are difficult to reconfigure or
remove. Further, the properties of semi-permeable physical boundaries often can be varied in only
very narrow ranges and are thus unsuited for separating specific species.

Gravity/centrifugal force ¢ ®

To confine a species of interest within a bulk fluid, gravitational and centrifugal forces might be used
to spatially sort contained entities based on their relative density and counter the diffusive motion
[41], [42].

Chemical gradients @

Chemical gradients can be set up to induce solvophoretic, or diffusiophoretic motion of a species of
interest within a bulk fluid [36], [43]—[45].

Thermal gradients @

As the extent of diffusive motion increases with temperature, species contained in a fluid undergo
thermophoresis and move downwards temperature gradients [46], [47].

Magnetic fields ®

Magnetophoresis of ferro- and paramagnetic beads, molecules and even native cells allows the con-
finement of species contained within a fluid [48]-[50].

Acoustic fields 0@

Directed, acoustophoretic motion of species contained in a fluid can be induced by coupling ultra-
sonic acoustic waves into a fluid [51]—[53].

Electromagnetic fields ®

Single particles, e.g. cells or beads, can be confined and manipulated by the means of focused laser
light, so-called optical tweezers [54]—[56].

Electrophoresis ®

The migration of species contained in a fluid along the gradient of an electric field, electrophoresis,
is one of the most accessible and controllable methods for focusing and sorting of analytes of interest
[57]-[59].

12
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¢ Electroosmosis ¢

The use of electroosmosis to confine the bulk motion of a fluid through the formation of by-design
flow patterns has only recently been studied and demonstrated [60], [61].

e Hydrodynamic forces ¢®

The use of hydrodynamic forces in some variants allows to confine the motion of a bulk fluid together
with all contained species, as well as the independent confinement of contained species in other
variants. Compared to other methods, approaches based on hydrodynamic confinement are usually
simple, as they make use of flow actuation infrastructure, which is common to most microfluidic
applications. Further, hydrodynamic confinements are dynamically adjustable, versatile and scalable
and allow high-throughput processing of samples, as corresponding methods inherently rely on the
continuous flow of liquid [62], [63].

Each of these strategies naturally has its strength in specific scenarios. In the following sections we will dis-
cuss different forms of hydrodynamic focusing and highlight its strengths and limitations along with some
practical examples. We structured the discussion based on the basic morphology of the discussed flow pat-
terns: hydrodynamic confinement in fully closed conduits (section 2.2), hydrodynamic confinement between
parallel plates (section 2.4) and hydrodynamic confinement in the open volume (section 2.5).

2.1.1 Basic principles of hydrodynamic confinement — Re and Pe

In the absence of other fields and forces, the motion of fluid molecules and dissolved and suspended species
is a superposition of the directed, advective motion of the bulk fluid and the random diffusive motion of each
individual entity. A precise manipulation of the location of a specific species by means of hydrodynamic forces
therefore bases on two requirements: 1.) high spatio-temporal control of the flow pattern, i.e. the motion of
the bulk, which 2.) significantly dominates the diffusive motion of single entities:

1. In contrast to mostly turbulent flow occurring in nature, flow fields need to be in the laminar regime
to be deterministic and allow precise control of the bulk motion of the fluid. The laminar regime is
characterized by a low Reynolds number Re < 1. The Reynolds number is the dimensionless ratio
between inertial and viscous forces in a fluid, which moves at non-uniform velocity [64]:

_ puoLy
1l

Re (2.1)

Here, p is the density, 1 the dynamic viscosity and u, the mean velocity of the moving fluid. L is the
characteristic length scale of a flow pattern, i.e. the inner diameter for flow in a pipe. The lower the
flow velocity, or the higher the viscosity of a fluid, the smaller is Re and thus the likeliness to observe
turbulence. For flows through circular ducts, the regime where the flow transitions from laminar to
turbulent start at Re = 2300. In microfluidic devices, Re is most often smaller than 1, i.e. the bulk
motion of fluid is laminar and deterministic.

2. A second dimensionless number, the Péclet number Pe indicates the relative significance of flow-
and diffusion-based motion of a species of interest [64]:
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ugLg
= 2.2
e D (2.2)

Here, D is the diffusion constant of a species of interest and Pe thus is the ratio between convective,
flow-based transport rates and diffusion-based transport rates. As hydrodynamic confinement re-
quires convection to significantly outplay diffusion, large Pe numbers are required. It is therefore
much more challenging to hydrodynamically confine small molecule and ions with diffusion coeffi-
cients at the scale of 1073 mm? /s, compared to suspended 10um beads with diffusion coefficients
at the scale of 1071 mm?/s. Nonetheless, it is well feasible to form microfluidic hydrodynamic con-
finements of small molecules with Pe > 1000.

2.2 Hydrodynamic confinement in closed conduits

Different strategies have been proposed to set up hydrodynamic confinements in closed conduits:

¢ Purely Stokes flow-based confinements
¢ Confinements based on inertial effects

¢ Confinement based on viscoelastic effects

2.2.1 Stokes flow-based confinements

Of all these strategies, purely Stokes flow-based focusing has been demonstrated first in devices for cell
counting and is still used to line up cells one after another in fluorescence-activated cell sorting (FACS) [62].
Even though the overall flow is geometrically confined in a closed conduit, the flow of a fluid of interest can
be confined in-plane, when sandwiched between two lateral sheath flows (see Figure 2.1a), or in 3D, when
sandwiched between four sheath flows (see Figure 2.1b) [65]-[67]. In FACS, 3D confinement is often achieved
by concentrically injecting the fluid to be focused from a round nozzle into the sheath flow, which is concep-
tually simpler, but not easily compatible with planar microfabrication technologies.

As Stokes flow classically is in the regime of Re < 1, the compressibility of the involved fluids and body
forces, such as gravity or buoyancy, can be neglected, the Navier-Stokes equations describing the general
motion of fluids in this case collapse to two linear, time-invariant equations [68]. Namely the Stokes equation
describing the response of a bulk volume of fluid to a pressure gradient

—Vp + uv2u=0 (2.3)

and the corresponding expression for the conservation of mass, stating that the sum of all inflow and all
outflow for any considered domain is equal zero

V-u=0 (2.4)

Here p stand for the scalar pressure field, u for the velocity vector field and p for the dynamic viscosity of
the fluid. As not dependent on time, Stokes flow is fully reversible. Above equations can be solved analytically
to determine the flow field in a microfluidic cavity by applying the corresponding boundary conditions (posi-
tion of walls and pressure, respectively flow at openings) [69]. For confinements as depicted in Figure 2.1a
and b, analytical solutions are available also for sheath and sample liquids of different viscosity [67].
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Figure 2.1: Stokes flow confinements in closed conduits. a) 2D focusing of a sample stream between two sheath streams.
b) 3D focusing of a sample stream between four sheath streams, adapted from [67]. c) Localized deposition and removal
of materials inside microchannels, adapted from [70]. d) formation of liquid-core-liquid-cladding lenses via hydrody-
namic focusing of a liquid with higher refractive index, adapted from [71]. Formation of dynamically controllable stag-
nation points for the simultaneous position control of suspended objects, adapted from [72].
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Hydrodynamic confinement of convected species across length-scales

Besides the linear arrangement of cells on FACS; Stokes flow hydrodynamic confinements have been used
for the localized deposition and removal of materials in specific areas of the walls of microfluidic channels,
to e.g. pattern electrodes (see Figure 2.1d) [70]. Further, the formation of reconfigurable liquid-core-liquid-
cladding lenses, bases on the confinement of a liquid with a high refractive index than the surrounding sheath
liquid (see Figure 2.1e) [71], [73]. As highlighted in Figure 2.1b, stagnation points can be formed by appropri-
ately setting the flow boundary conditions at the openings of a microfluidic chamber. Though the flow veloc-
ity at a stagnation point is zero, a particle will not remain stable at this position: any slight, diffusion-induced
motion away from the stagnation point would result in unbalanced forces on the particle and its advection
away from the stagnation point. In the case the flow boundary conditions are controlled in a closed loop
based on the optically measured particle position, deviations of the particle away from the stagnation point

Tutorial 1 — Diffusion across an interface

Strictly speaking, two laminarly co-flowing streams also hydrodynamically confine each other to either side
of the microfluidic channel they share. This maybe simplest form of hydrodynamic confinement, the T sen-
sor, is a good object of study to demonstrate how to estimate the role of diffusion in Stokes flow-based
confinements.

The transient 1D diffusion equation has the form: 1\
ac 5 o%c (2.5)
at ay? '

_____ —-— ~ | Diffusion zone

Assuming a step function as initial condition,
the analytical solution is already known as

Co

Cly,t) = > [1 —erf <2Lm)] (2.6)

In the described case, the transport of advected species in the region of the interface between the two
streams, where the flow velocity is u, can be described as a superposition of advection and diffusion:

ac ac 9%C 9%C

—+u—=D +D— 2.7
ot dx dy? d0x? (2.7)
. L . . a%c a%c .
As the situation is in steady state with the assumption that Fv > Py above equation becomes
ac s 2%c (2.8)
u—=D0— -
dx dy?

Now, choosing the variable x/v as a time like coordinate, a T sensor has the same analytical solution as the
1D diffusion equation. Thus here, the concentration field along the interface is:

[ ]
(x,y) = 70|[1—erf Y |

a

(2.9)
X
u

2 |D
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can be actively countered and Stokes flow can be used to simultaneously control the positions of several
suspended objects with sizes between 2 um and 20 um [72], [74].

2.3 Confinements based on inertial effects

Approaches relying on inertial hydrodynamic effects for the confinement of fluid flow or of advected species,
usually have characteristic Reynolds number between 10 and 100 [75]. In this regime, the flow is mostly
laminar, but flow patterns are usually not reversible anymore: e.g. region of flow circulation forming in the
wake of obstacles induce asymmetrical deformation of flow, which would not be observable in the Stokes
regime. In the inertial regime, so-called secondary flows arise, which act on the bulk fluid when flowing in
curved channels, or in curved lines around an obstacle, such as a pillar (see Figure 2.1a and c) [76]-[78]: in
curved channels, the fluid in the channel center flows faster than the fluid close to the walls and thus expe-
riences a larger centrifugal force pointing away from the center of curvature. This results in a secondary flow,
perpendicular to the main flow direction. In curved channels, this secondary flow is called Dean flow (see
Figure 2.2d). Significant secondary flow arises in flows through curved channels for Dean numbers De > 54
[78]. The dean number is defined as

d
De =Re: |— (2.10)
2r

Here, r is the curvature radius of the channel and d is the diameter of the channel. Secondary flows in curved
channels have been used to focus the flow of a sample fluid within another fluid. In analogy, customized
arrays of pillars or chevrons allow to focus the flow of a sample liquid to specific regions of a microchannel.

Also advected particles experience forces, which only arise in the inertial regime (see Figure 2.2g) [79]-[81]:
* Adrag force Fp resulting from Dean flows introduced above
* A wall-effect lift-force Fy,;, arising in vicinity of walls, which is directed away from the nearest wall
* Ashear gradient lift force (also called Saffman lift force) Fs; directed downwards shear gradients

In the inertial regime, particles flowing within microchannels will adapt positions in the channel cross-section
where the named forces equilibrate. As F;;;, and Fg; scale with ~ a*, where a is the characteristic dimension
of the advected particles, inertial forces are well suited to separate particles based on their size [82]. Demon-
strated application include the purification of circulating tumor cells, as well as the separation of red blood
cells from other entities [83]—[86].
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Figure 2.2: Confinement through inertial forces. a) Sequences of pillars for the manipulation of the cross-sectional posi-
tion and morphology of co-flowing streams, adapted from [87]. b) 3D focusing of a sample stream using only two sheath
streams with the help of inertial effects, adapted from [88]. c) manipulation of the cross-sectional position and mor-
phology of co-flowing streams using sequences of grooves, adapted from [89]. d) manipulation of the position of sample
streams using Dean flow, adapted from [90]. e) Equilibrium position of particles advected in inertial flow for different
channel geometries, adapted from [63]. f) Inertial purification of red blood cells, adapted from [83]. (g)Equilibrium po-
sitions in curved inertial flow, F; = Fp + Fy;, F, = Fg; ,adapted from [81].

2.3.1 Confinements in non-Newtonian liquids

The use of non-Newtonian liquids gives rise to additional forces acting on particles travelling in the fluid in
parallel and perpendicular to the main flow direction. This opens further possibilities to focus particles to
either specific cross-sectional regions, or to separate entities along the direction of flow.
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Leshansky et al. demonstrated in 2007 that microparticles can be ‘tuned’ to follow specific flow paths in a
microchannel due to elastic forces of polymer chains and further provide analytical expressions for particle
trajectories based on a Poiseuille flow profile in rectangular microchannels [91].

Combination of viscoelastic and inertial forces can be leveraged to sperate and confine advected species with
unprecedented resolution and efficiency (see Figure 2.3) [92].
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Figure 2.3: Elasto-inertial confinements. a) Analysis of forces on a particle in a viscoelastic fluid flowing in a straight
rectangular microchannel: the fluid elasticity-induced lift F,; directs the particle toward the channel center and four
corners, the wall-induced inertial lift F;; ,, and the shear gradient-induced inertial lift F;; ¢ direct the particle toward the
channel center and wall, respectively (F;; ,, and F;;, s are indicated only for the closest lateral wall). b) Experimental
demonstration of particle separation in a straight channel (the orange scale bar represents 100um), both adapted from

[92].

2.4  Hydrodynamic confinement between parallel plates

Hydrodynamic confinements between parallel plates are of increasing importance in research and technol-
ogy, as they are employed by liquid scanning probes to form a hydrodynamic flow confinement of a reagent
on top of open biological surfaces [6], [25], [93]. This enables the localized and multiplexed processing of
biological surfaces, such as surface-adherent cell cultures or tissue sections from biopsies, which could only

be processed globally in conventional workflows.

While flow between parallel plates is often assumed in theoretical studies for e.g. analyzing inertial forces
acting on suspended particles [79], experimentally demonstrated methods of hydrodynamic confinement
between parallel plates to the best of our knowledge all rely on pure Stokes flow.

For flow between parallel plates, lateral walls, if present, are spaced far apart compared to the distance
between the bottom and top confining surfaces and their impact on the flow pattern can be neglected. Fur-
ther, for flat parallel plates, the flow pattern in z-direction (perpendicular to the parallel plates) is known to
be parabolic. Flow patterns of Newtonian liquids with uniform viscosity can therefore be treated as two-
dimensional, inviscid flow and be conveniently analyzed by means of potential flow theory [94]. Distant and
straight lateral walls can be directly implemented as slip-boundaries using the method of images. The method
can also be applied to more complex boundary geometries by conformal mapping to a geometry with known
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solution. As the notation is more convenient, 2D potential flow problems are often analyzed in the complex
plane.

th

The position of the m*™ source on a corresponding complex plane is therefore given by a complex number

Cm = Xm + 1 Vin. The complex potential £2,,, created by this source at any positionc =x +i-yis

m(©) =¢+ip= g—: ‘In(c = c) (2.11)

The real part of the complex potential is the velocity potential ¢, whereas the complex part is the stream
function Y. The complex potential is created by a set of n sources and can be directly written as linear super-
position of the single contributions 2 = 24 + ---+ (2,,.

Tutorial 2 — Potential flow
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Mirror images are treated as regular sources in all following operations:
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2.12)
N @, (
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And:

v(c) =ulc)+i-w(c) = dci* <% In(c* + 4)) (2.13)

Zero pressure boundaries (boundaries open to the environment) are implemented through mirroring
sources with opposite sign.

Two parallel walls would result in an infinite number of mirror images. For such a case, a far field approx-
imation may be used after a finite number of mirror images.
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The complex flow velocity vector ¥(c) at a given position ¢ can be conveniently derived from the complex
potential 2(c) by differentiation:

n
an(c) d Qm
= =™ In(c — 2.14
dc* dc* ;1 2T Inc = cm) (2.14)

v(c) =u(c) +i-w(c) =

Here, * denotes the complex conjugate and u and w are the velocity components along the real and the
imaginary axes, respectively.
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Figure 2.4: Stokes flow confinements between parallel plates. a) A nested flow confinement enabling the re-circulation
of a reagent atop a surface, adapted from [30]. b) A microfluidic quadrupole for the formation of concentration gradi-
ents, adapted from [93]. c) Microfluidic multipoles enabling the formation of channel-like flow patterns and e.g. dynamic
splitting, or the positioning of suspended objects.

For localized interaction with immersed biological surfaces, a liquid scanning probe with the flat apex, which
is the top confining surface, is brought close (about 20-100 um) to the sample of interest, which is the bottom
confining surface. In the simplest configuration, a processing liquid is injected from an aperture in the probe
head and simultaneously aspirated back at a higher flow rate into a second aperture together with some of
the surrounding immersion liquid, to hydrodynamically confine the processing liquid. Demonstrated applica-
tions include the analysis of biopsies, analysis of surface-adherent cells and efficient formation and screening
of bio-libraries in the form of protein arrays [8], [26], [30].
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Lately, probe heads with many apertures, or even more generalized, mechanically fixed surfaces with arrays
of holes, have been used to form more complex flow patterns atop biological surfaces [95]. In combination
with above introduced complex potential flow model, such a device enables the direct implementation of
user-designed flow patterns to form reconfigurable “virtual channels”, which enables dynamic and interac-
tive experimental workflows, alleviating many complications linked to the tedious design and manufacturing
process of microfluidic devices. Furthermore, these approaches can be applied to perform other established
microfluidic functions in a highly versatile and dynamic way, such as splitting microfluidic flows to e.g. imple-
ment sorting or fractionation functionality, or the motion and positioning of suspended objects by hydrody-
namic forces.

2.5  Hydrodynamic confinement in the open volume

Only few demonstrated microfluidic techniques rely on the formation of hydrodynamic flow confinements
in un-bounded, open volumes (see Figure 2.5) [23], [24]. As even these implementations were conceived for
the interaction with immersed surfaces, as there currently is little practical need for the formation of micro-
fluidic hydrodynamic flow confinements in the open volume. To the best of our knowledge, demonstrated
implementations of hydrodynamic confinements in open volumes all base on Stokes flow.

Assuming a homogeneous viscosity and Newtonian behavior, three-dimensional flow can also be analyzed
via potential flow theory. Here, it is often practical to work in a spherical coordinate system. A source of
strength Q located at r=0 causes a velocity potential ¢:

¢ =——— (2.15)

And the resulting velocity field is

_9_ 0

T or Anr?’

Vo=V, =0 (2.16)

As for the 2D-case, flow fields formed by several sources can be superimposed to compute the resulting net
flow field.
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Figure 2.5: Stokes flow confinements in the open volume. a) co-axial glass pipettes (inner pipette for injection, outer
pipette for aspiration) forming a hydrodynamic flow confinement in the open volume, adapted from [23]. b) when ap-
plying proper flow boundary conditions (i.e. sufficient aspiration) most probe heads of HFC-based liquid scanning probes
allow to confine flow in the open volume, adapted from [24].
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2.6 Conclusion and outlook

This chapter presents a tutorial on techniques for the hydrodynamic confinement of either bulk volumes of
fluid or advected species in fully closed conduits, between parallel plates and in the open volume. Confining
sample streams within sheath streams in closed microfluidic conduits has had great relevance since the early
days of FACS. Over time, more sophisticated techniques were established, especially in the context of inertial
flows and viscoelastic liquids. These advances have been shown useful e.g. for sized-based high-throughput
sorting of entities, which would not be achievable with other methods of sorting or confinement.

Hydrodynamic confinements between parallel plates enable new approaches in the interaction with im-
mersed biological interfaces and have been demonstrated in several relevant applications. Nonetheless, the
variety of techniques available to form hydrodynamic confinements between parallel plates and especially
in the open volume is far less compared to closed conduits. Even though relevant applications might not be
obvious, we think it would be of interest to apply techniques from the realms of inertial and viscoelastic
focusing to form confinements between parallel plates and in the open volume: advected species could e.g.
be lined up in a flow confinement on a biological interface to perform interactions only along single lines, or
to perform multiplexed interactions within a single larger flow confinement. In the open volume liquids of
high refractive index could be confined in analogy to [71] to form spherical optical resonators for bio-sensing
applications.
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Chapter 3 Biopatterning with recirculation of
hydrodynamically confined nanoliter volumes
of reagents

The content of this chapter is based on the pre-print version of below listed research article, which
was published in 2015 in Analytical Chemistry and featured on the cover of the corresponding issue and is
reproduced here with minor modifications with permission from the American Chemical Society.

J. Autebert, J. F. Cors, D. P. Taylor, G. V. Kaigala. “Convection-enhanced biopatterning with recirculation of
hydrodynamically confined nanoliter volumes of reagents.” Analytical chemistry, 2015, 88(6), 3235-3242.

To this work, | contributed following aspects:

e Theoretical background and modelling (sections 3.3.1, 3.3.2 as well as 3.5.4 and 3.5.6)
e Experimental work pertaining to the validation of the predicted relative dilution y (section 3.5.5)
e Creation of figures (I contributed content to figures 3, 4, 5, 6 and 8)

« Discussions on the concept and content of the paper with co-authors

3.1 Abstract

We present a new methodology for efficient and high-quality patterning of biological reagents for surface-
based biological assays. The method relies on hydrodynamically confined nanoliter volumes of reagents to
interact with the substrate at the micrometer-length scale. We study the interplay between diffusion, advec-
tion and surface chemistry, and present the design of a non-contact scanning microfluidic device to efficiently
present reagents on surfaces. By leveraging convective flows, recirculation and mixing of a processing liquid,
this device overcomes limitations of existing biopatterning approaches, such as passive diffusion of analytes,
uncontrolled wetting and drying artefacts. We demonstrate the deposition of analytes, showing a 2- to 5-
fold increase in deposition rate together with a 10-fold reduction in analyte consumption while ensuring less
than 6% variation in pattern homogeneity on a standard biological substrate. In addition, we demonstrate
the recirculation of a processing liquid using a microfluidic probe (MFP) in the context of a surface assay for
(i) probing 12 independent areas with a single microliter of processing liquid, and (ii) processing a 2 mm?
surface to create 170 antibody spots of 50 x 100 um? area using 1.6 pL of liquid. We observe high pattern
quality, conservative usage of reagents, micrometer precision of localization and convection-enhanced fast
deposition. Such a device and method may facilitate quantitative biological assays and spur the development
of the next generation of protein microarrays.
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3.2 Introduction

Patterning and immobilization of chemicals, proteins or biomolecules on surfaces are central to surface bio-
logical assays [96]-[100] and have applications in cell-substrate studies, cell microenvironment modulation,
chemical gradients on surfaces for motility assays, protein-protein interaction studies, creation of diverse
libraries for drug screening and toxicology studies, screening of multiple biomarkers in point-of-care person-
alized medicine, for example. Established biopatterning methods locally deposit analytes using minute vol-
umes (picoliter to microliter) of reagents and can broadly be classified into two categories. The first one uses
inkjet technologies, where nanoliter volumes are spotted onto surfaces [101]-[103]. The second category
requires a gentle contact between a pin and a substrate [104] to transfer a small volume of processing liquid
onto a surface. Both approaches (Figure 3.1a) are widespread in research labs and industrial facilities as they
enable high-throughput processing and precise (nm to um accuracy) deposition [105], [106] of biochemicals.
However, these approaches are limited by uncontrolled wetting and evaporation [107], which affect the ho-
mogeneity and repeatability of deposition [101], [108]. More generally, to abate evaporation, oil has been
used as an immersion liquid [109], but in the context of biopatterning, the surface requires a rigorous wash
step to remove the oil prior to downstream analytical tests. Such rinsing involves solvents and surfactants
that will likely cause degradation of the patterned receptors. In contrast, several research groups developed
microfluidic-based biopatterning techniques focusing on deposition quality [110] in which closed channels
prevent evaporation. For example, Delamarche et al. developed microfluidic networks (MFN, Figure 3.1c) to
deliver proteins to surfaces by placing and sealing elastomeric materials on the substrate [14], and a variant
thereof, a stencil-based method [111] to spatially localize the processing liquid on surfaces (Figure 3.1b).
These microfluidic methods resulted in high-quality biopatterns confined to specific areas on a surface, but
suffered from either a large volume consumption or a low deposition rate. Moreover, MFNs are not compat-
ible with high-density discrete unit patterns, such as microarrays, and any variations of the pattern would
need a redesign of the network. Other examples of contact-based microfluidic implementations, such as
chemistrodes [17], fountain pens [23], [112] and continuous-flow printing[16], also impose constraints on
the type of surface and the ability to scan and are subject to cross-contamination as well. Non-contact im-
plementations using electric fields, such as electrohydrodynamic jet printing [113] and scanning ion-conduct-
ance microscopy [19], demonstrated patterns in the hundreds of nm range with large inter- and intra-spot
variations [114], but require conductive substrates.

Thus, versatile and high-quality patterning of biochemicals on surfaces remains elusive, but microfluidic im-
plementations have paved the way towards convection-enhanced deposition. In general, continuous-flow
methods (Figure 3.1 c to f) result in a reduction of the deposition time compared with diffusion-driven pro-
cesses [115], but are very inefficient in terms of reagent consumption for two key reasons. First, continuous
flow implies the use of larger volumes than in diffusion-based deposition, and second, the actual usage of
analytes from the solution is very low. For example, a typical convection-based surface reaction in a 100-um-
deep channel would consume less than 1.5% of the sample flowing over the surface, resulting in tremendous
waste of analytes. This inefficient reagent usage is problematic, particularly in biopatterning, where biochem-
icals such as antibodies and DNA probes are expensive. Circulating the processing liquid multiple times over
the deposition zone (Figure 3.1d) provides a way to improve reagent utilization [116], [117]. In microchan-
nels, however, laminar flows will hinder homogenization of the recirculated volume, and mixing would there-
fore be necessary to enable a more efficient usage of the processing liquid (Fig 1.e) [118], [119]. With this in
mind, we envision six attributes for an ideal implementation of a versatile biopatterning device (Figure 3.1g):
low reagent consumption, high deposition rate, efficient reagent usage, low variation in the spots deposited,
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high throughput, and micrometer-scale precision in deposition. Such a device should leverage continuous
flow deposition together with mixing and recirculation of the processing liquid (Figure 3.1f). On the one hand,
this ideal implementation would retain the advantages of inkjet and pin-spotting devices, namely, low rea-
gent consumption, high throughput and precise localization. On the other hand, processing of the surface
with continuous flows would provide efficient use of analytes, reduced deposition time and homogeneity of
the pattern deposited.
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Figure 3.1: Overview of biopatterning methods.a) Pin-spotter and inkjet deposit small volumes of processing liquid on
substrates. b) Stencils use structures that are physically placed on a substrate to localize the processing liquid with
micrometer precision. The simulation shows the diffusion profile above the deposition zone. c) Microfluidic networks
(MFN) use convection-enhanced deposition to decrease deposition time and a microchannel for spatial localization. The
simulation illustrates the diffusion profile along the flow path. d) Using a pump to recirculate the processing liquid ena-
bles a more efficient usage of the processing liquid. e) Mixing of the recirculated liquid is important to increase usage
efficiency in microfluidics, where flows typically are laminar. f) The ideal implementation of biopatterning takes ad-
vantage of convection-enhanced deposition, high-resolution scanning, recirculation and mixing while ensuring a local-
ized, non-contact deposition. g) Empirical graph highlighting six important attributes of biopatterning methods.

In this paper, we report a scanning, non-contact microfluidic device for high-quality, versatile biopatterning.
This approach makes use of a vertically-oriented microfluidic probe (MFP) [25], [26] to confine nanoliter vol-
umes of processing liquid on top of a substrate in a wet environment, ensuring non-contact operation and
convection-enhanced deposition. MFPs belong to a class of devices termed “open-space microfluidics” that
relies on hydrodynamic flow confinement (HFC) of the liquid [7]. Here, we leveraged hierarchical HFC [120]
to dilute the aspirated processing liquid minimally, and show that biochemicals can be efficiently recirculated
back and forth on a surface. We developed analytical models to investigate diffusion, advection and surface
reactions in the context of HFC and, with this, defined the MFP operational parameters for efficient biopat-
terning (see Figure 3.7). We demonstrate the deposition of analytes in the context of the deposition and
detection of IgG, showing a 2- to 5-fold increase in deposition rate together with a 10-fold reduction in ana-
lyte consumption while ensuring less than 6% variation in pattern homogeneity on a standard biological sub-
strate. IgG antibodies are macromolecules of about 150 kDa and play a key role in the immune system as
they react with receptors present on the surfaces of macrophages, neutrophils and natural killer cells. They
are used as a diagnostic marker for several autoimmune diseases and as a measure of the immune response
to pathogens, for example, the serologic immunity to measure measles, mumps, rubella, hepatitis B, vari-
cella. 1gGs extracted from donated plasma are also used in therapy to treat immune deficiencies, autoim-
mune disorders and infections [121].

27



Biopatterning with recirculation of hydrodynamically confined nanoliter volumes of reagents

In addition, we demonstrate recirculation of a processing liquid using the MFP in the context of a surface
assay: (i) for probing 12 independent areas with a single microliter of processing liquid, which is relevant
when multiple assays have to be performed with a limited volume budget, and (ii) for processing a 2 mm?
surface to create 170 antibody spots of 50 x 100 um? area using 1.6 uL of liquid.

3.3  Efficient bio-patterning using the MFP

For efficient usage of the processing liquid, we circulate this liquid back and forth while ensuring homogeni-
zation through mixing in the serpentine channels of the MFP head [119]. The implementation of this circula-
tion in the device has two states, in which the direction of flow is different. In state 1, the liquid is injected
via the two apertures on the right and aspirated through the two apertures on the left (see Figure 3.2a). After
switching to state 2, all flow directions of the liquids are inverted.
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Figure 3.2: Scheme for liquid recirculation using pressure switching. a) A hierarchical flow confinement is generated in
state 1 to ensure minimal dilution of the processing liquid. When switching the valves to state 2, the direction of the
flows is reversed. b) Scheme of low-dead-volume pressure switching for liquid recirculation.

Such liquid switching would typically be performed with 2-position valves, but they generally have a large
dead volume (tens of microliters) and involve a displacement of the liquid that would disrupt the HFC tem-
porarily. To address these two important issues, we developed a low-dead-volume fluidic system in which
the liquid reservoirs are placed close to the MFP head (see Figure 3.2b). We used the valves to redirect pos-
itive and negative pressures towards the appropriate reservoirs. The advantages of using valves to switch
pressure instead of liquids are: (i) the absence of liquid displacement in the HFC when switching; (ii) valves
can be placed away from the microfluidic system without increasing dead volumes, and (iii) switching is fast
(within few milliseconds), with the pressure stabilizing within 1 s. Flow rates are generated using external
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pressure controllers and hydrodynamic resistors (see Figure 3.2) integrated in the MFP head and monitored
in real-time.

3.3.1 Diffusive transport between two laminar flows within the HFC

In a single HFC, dilution of the processing liquid is driven primarily by its aspiration together with the sur-
rounding liquid. In the hierarchical HFC, because Q;; = |Q,2|, the dilution of the processing liquid is strongly
reduced. There are three main loss-mechanisms contributing to the dilution of the processing liquid: 1) dif-
fusion of analytes from the processing liquid to the shaping liquid, 2) dilution due to mismatched injection
and aspiration flow rates in the inner confinement, and, 3) dilution in the Taylor-dispersed interface between
the recirculated volume and other liquid filling the remainder channels. As the deviation between the desired
and the actual occurring flow rates can be minimized by means of choosing appropriate hardware and flow
regimes, and Taylor dispersion could be suppressed using oil droplets to separate the recirculated volume
from other liquid in the channel, diffusive losses remain the only fundamental loss channel, which cannot be
avoided. We therefore in the following discussion focus on the analysis of diffusive losses.

For efficient recirculation of the processing liquid, this loss of analyte should be minimized. We developed a
model to investigate the dilution y of the processing liquid as a function of two key parameters, namely, the
apex-to-surface distance d and the flow rate of the processing liquid Q;; (see Figure 3.3 a and b).

Figure 3.3: Scheme for analytical model of analyte transport in a hierarchical HFC. a) Bottom view of a hierarchical HFC
with corresponding coordinate system. b) Schematic side view of a hierarchical HFC.

The apex of the MFP head and the surface to be processed are considered as two parallel surfaces, with an
apex-to-surface distance ranging from 10 um to 50 um. Given these boundary conditions, we apply the Hele—
Shaw approximation and model the liquid flow between apex and surface as a potential flow (see S3). Each
of the four apertures creates a static, radial velocity field of liquid flow. The resulting velocity field represents
the superimposition of the radial velocity fields from the individual apertures. Because the resulting velocity
field is symmetric, transport across the interface can be described by considering only one-half of the inter-
face. We define a curvilinear coordinate system, with y the coordinate axis tangential to the interface and p
the coordinate axis perpendicular to the interface (see Fig 3.a). The analyte in the processing liquid has a
diffusion coefficient D, and the initial analyte concentrations are ¢o and ¢ = 0 for the processing liquid and
the shaping liquid, respectively. The initial concentration profile c(x = 0, p) across the interface can thus be
approximated with a Heaviside step function.
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The dilution y is expressed as the ratio of the rate with which analytes diffuse from the processing liquid into
the shaping liquid to the total rate of analytes transported through the confined liquids:

Xmax
B YRy Dt
v= 0nin ~ Q4 4yt (3.1)
at 0

Theoretical values for y and the development of equations are presented and compared with experimental

dilution values in section 3.5.4. According to both analytical and experimental dilution values, efficient recir-
culation is favored at higher flow rates and when the head is in proximity of the surface. We note however
that the flow rate will influence the amount of processing liquid used per circulation cycle.

This implies that for a finite volume of processing liquid, there is a trade-off between the flow rate of the
processing liquid and the number of circulation cycles per minute. Depending on the application, parameters
such as apex-to-surface distance and flow rates need to be adjusted to ensure proper surface processing and
minimal loss of processing liquid.

3.3.2 Convective transport and deposition of analytes on a surface

This model describes a metric £(t) that quantifies the benefit of convective transport as compared to diffu-
sion-driven transport for surface biopatterning. While it is clearly established [115] that convection will en-
hance the deposition rate, this gain largely depends on the working regime and parameters such as analyte
concentration in the processing liquid, flow rates and surface processing duration. We developed an analyt-
ical model that describes convection-enhanced deposition of analytes on a surface using the hierarchical HFC.
This model accounts for the transport of IgG molecules from the HFC to the surface and for the kinetics of
the reaction between analytes and receptors on the surface.

We investigate the deposition of an analyte with a diffusion coefficient D, and a concentration ¢, on a surface
presenting binding sites with a surface density b,,. Binding of analytes is assumed to follow first-order Lang-
muir kinetics and can therefore be characterized with the association and dissociation constants k., and k.
Because of the binding of analytes to receptors on the surface, the concentration of analytes in the processing
liquid directly above the surface reduces, and a depletion zone is formed. Despite strong advective transport,
analytes can travel across the depletion zone only by means of diffusion. For operation of the MFP, this de-
pletion zone is steady and on the order of a tenth of a micrometer, which is small relative to the apex-to-
surface distance and to the HFC footprint, which is typically 50 x 100 pm?. We apply models for transport
through a thin depletion zone and first-order binding of analytes to a surface as summarized by Squires et al.
[115]. Central to this analysis is a Damkdhler number Da defined as the ratio of the rate of reaction at the
surface to the rate of convective transport of analytes.

Co *Kon * b
PasNTFD o2
In (2), N is Avogardo's number and F is the non-dimensionalized flux of analytes through the depletion zone
[122]. For MFP-based deposition of an IgG, the binding of analytes to the surface is neither transport nor
reaction limited, because Da is in the range of 1 (see section 3.5.6). The ratio ¢(t) of analyte bound with the

MFP to that of pipette deposition can be evaluated as (see section 3.5.6)
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Here £(t) expresses the ratio of MFP-deposited IgG to pipette-deposited IgG as a function of time. This metric
quantifies the benefit of convective transport when compared with diffusion-driven surface patterning. Fig-
ure 1.2Figure 3.4a shows ¢(t) for four concentrations of 1gG in the processing liquid, with standard parame-
ters for MFP surface processing. The graph suggests that deposition using the MFP is more efficient for times
shorter than 10 min and strongly depends on the analyte concentration. Once saturation of the surface with
the MFP has been reached, the pipette deposition efficiency will slowly converge to the MFP-based deposi-
tion efficiency, thus e(t) converges to 1. Interestingly, the lower the concentration, the better the MFP will
perform in comparison to pipette deposition, which implies that convective deposition is particularly favor-
able for low concentrations. As an example, for a concentration of 50 pg/mL, the amount of analyte depos-
ited with the MFP after 40 s will be 1.5-fold higher than with pipette deposition. Longer deposition times will
result in identical deposition efficiencies for both approaches after 6 min. In contrast, for a 10-fold lower
concentration (5 ug/mL), the number of analytes deposited with the MFP after 5 min will be 3.5-fold higher
than with pipette deposition. The pipette deposition will require more than an hour to reach the MFP-based
deposition efficiency. This analysis clearly highlights the advantage of using MFP deposition for low concen-
trations of analyte, and that there is an optimal range of processing durations in which the MFP is particularly
relevant.

number of analytes deposited with HFC

gft) =

number of analytes deposited with pipette
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Figure 3.4: Deposition efficiency using the MFP with different concentration of reagents.Deposition efficiency using the
MFP with different concentration of reagents. a) Ratio of deposited analytes with the MFP compared with pipette-based
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deposition for concentrations of 5, 20, 35 and 50 ug/mL. b) Ratio of analytes deposited over the total amount of analytes
in the processing volume. Both values were calculated numerically for four concentrations of an IgG molecule.

From this model, we also derived the analyte usage as a function of time (see Figure 3.4b), which corresponds
to the ratio of analytes bound to the surface to the initial number of analytes in the processing liquid. Con-
sequently, analyte usage is first marked by a strong increase in the number of bound analytes, and we term
this the deposition regime. The decrease of available free binding sites on the surface over time leads to a
reduction of the association rate, and analyte usage enters a plateau regime when the association rate and
the dissociation rate balance each other. Through successive dilution of the processing liquid in every circu-
lation cycle, the concentration of analytes decreases to the extent that dissociation of analytes from the
surface becomes predominant in the desorption regime. The model allows us to estimate the number of
recirculation cycles (or time) after which the processing liquid is depleted because of deposition on the sur-
face and diffusive transport to the outer flow confinement. The processing liquid can then be replenished
before entering the “desorption phase”, thus preventing deposition issues. Figure 3.4b further implies that
analyte usage depends on the initial concentration and remains below 6% for the four concentrations inves-
tigated. An important implication of this result is that a unit volume of processing liquid can be circulated
multiple times for multi-spot deposition or for long incubation times.

3.3.3 Results and discussion

To implement an MFP-based antibody/antigen assay, we used a standard polystyrene Petri dish as substrate.
After incubation of IgG, we processed the surface with the MFP using a solution of fluorescently labelled anti-
IgG for different durations with a constant flow rate (1 pL/min) and an apex-to-surface distance d = 30 um.
The results of these assays (n = 5 experiments per deposition time) are presented in Figure 3.5. The experi-
ments were performed both with and without recirculation of the processing liquid, along with a reference
experiment using pipette deposition. The fluorescence intensity of deposited anti-lgG was used to assess the
deposition efficiency and quality. Deposition using the MFP (Figure 3.5, black squares and red dots) showed
a higher efficiency than pipette deposition (Figure 3.5, blue diamonds).
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Figure 3.5: Deposition of goat anti-IgG on IgG-coated polystyrene surface. Normalized fluorescence intensity of depos-
ited anti-IgG (n = 5) and corresponding trends from the analytical model (theory). Error bars represent the standard
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deviation for five experiments. The fluorescence intensity is measured in the center (5 um x 5 um) of the teardrop-
shaped HFC footprint.

With an antigen concentration of 50 pg/mL, we saturated the surface in less than three minutes with the
MFP and in six minutes with the pipette. Interestingly, we observed no significant difference between depo-
sition with and without recirculation, as both methods use convection-enhanced deposition. However, the
model for convective deposition predicts saturation to occur faster than what we observed in the experi-
ments. We hypothesize that these discrepancies arise from: (i) three-dimensional effects that are not ac-
counted for in the model, resulting in a reduction of the effective flow velocity and therefore a reduction of
advective transport to the surface, and (ii) the fact that kon, kotf and the binding sites surface density b, were
derived from the diffusion-driven deposition experiments (see Figure 3.5, blue line and symbols) and may be
different for the MFP-based deposition experiments. A striking example of the benefits of recirculation using
the MFP is that the total volume used after 10 min with recirculation (1 pL) was one order of magnitude
lower than without recirculation (10 uL), while reaching an identical density of captured antigens. Ultimately,
this approach would lead to either a drastic reduction of antigens needed for the assay or, conversely, a
reduction of the assay time if a pre-concentration of the analyte is done prior to recirculation. Moreover,
when using recirculation, the total volume of analyte needed is largely independent of the reaction duration.
This result is particularly relevant in the case of low-concentration analytes, where the reaction time can be
in the range of hours. Recirculation therefore enables enhanced kinetics as the result of convection, while
improving reagent usage through multiple circulations of the same volume.

Most biopatterning applications require deposition on multiple zones with high spatial resolution, typically
in the micrometer range. A key advantage of the MFP is its capacity to interact locally with a surface and to
scan large areas rapidly [123]. Leveraging this capacity, we investigated the recirculation of a given volume
of liquid on multiple positions on a substrate. Multi-zones deposition can be used for localized capture of
antigens from a sample, and using a single microliter, recirculation allows multiple independent capture
zones to be probed. Similarly, an unknown concentration of antigen can be recirculated for different lengths
of times on multiple areas on an antibody-coated surface. This can be leveraged to determine the adequate
deposition time on the surface to prevent over- and under-exposure of the sample of interest in the capture
zone. We demonstrated these two aspects by recirculating different concentrations of a fluorescently labeled
IgG on an anti-lgG-coated surface (see Figure 3.6a) and checked the deposition density after different depo-
sition times (see Figure 3.6b).
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Figure 3.6: Multispot deposition of goat anti-IgG using recirculation with the MFP. a) Image of the deposition of anti-IgG
solution using 1.6 pl with concentrations of 5, 10 and 25 pg/mL and incubation times of 10's, 1, 4, and 10 min. b) Fluo-
rescence intensity of zones shown in a). c) Photograph of 130 spots deposited with 1 pl of solution (170 spots in total).
The flow direction was switched every ten spots. d) Average fluorescence intensity measured on each spot compared
with the predictions of our models. (e and f) Intra-footprint variation within one spot (< 6% variation).

These results indicate that an adequate deposition time (signal intensity detectable and no saturation) for
the highest concentration was obtained in under 1 min, whereas the lowest one would require 10 min to
yield a signal sufficient for analysis. This use of recirculation is a unique implementation of a “reverse assay”
in which the sample is processed successively on multiple zones. These independent zones may contain dif-
ferent capture antibodies, giving access to multiple assays with a minimal volume, or, for a single antibody,
enable better control of the capture density and, ultimately, quantification of antigens concentration through
multiple deposition durations.

We also investigated the possibility of using a limited and small volume of processing liquid in the MFP head
to deposit a large number of spots on the surface. We deposited 170 spots (see Figure 3.6c), switching the
flow direction every ten spots, with the probe staying 10 s on top of each spot. Working close to the surface
(10 pm), we limited the dilution to the extent that only a minimal decrease in fluorescence was observed
between the first and the last spot (Figure 3.6d). This decrease in fluorescence was predicted by combining
the two analytical models describing dilution during recirculation and binding to the surface. The models
exhibited very good correlation with the experimental values. 1.66 pL of fluorescently labeled IgG were used
to perform deposition of these 170 spots, so each spot corresponds to a “used” volume of 9.7 nL.

Finally, we investigated the quality of the spots deposited and found intra- and inter-footprint variations of
5.8% and 3.4%, respectively (see Figure 3.6 e and f), confirming the advantages of “wet” methods for pre-
senting an antibody to a surface in terms of deposition quality. We hypothesize these relatively small depo-
sition variations to be due to the type of substrate used (standard, untreated polystyrene Petri dish) and that
the deposition quality could be further increased by using engineered substrates.
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3.4 Conclusion

We described, characterized and validated a new method for surface processing and biopatterning. This
method exploits the hierarchical implementation of the HFC to efficiently present micro- to nanoliter vol-
umes of analytes on surfaces. The analytical models we present provide guidelines on minimizing the dilution
of the processing liquid and enhancing the deposition kinetics by controlling parameters such as the apex-
to-surface distance, the flow rates and the deposition time. This enables the rapid processing of areas ranging
from 5 x 5 um? to 1 x 1 cm? in large substrates, such as Petri dishes and glass slides, with volumes in the
microliter range. As an example, we deposited 170 antibody-antigen spots with a per-spot volume of 9.7 nL
and with a variation in deposition homogeneity below 6%. In comparison, state-of-the-art inkjet tools would
require a comparable volume per spot, but achieve limited deposition homogeneity. Importantly, the high
quality of the patterns deposited with our method is compatible with the needs of quantitative surface as-
says. Experiments comparing the deposition efficiency showed a 3-fold improvement of the deposition speed
and a 10-fold decrease of the total volume needed for a surface assay when using convection-enhanced
deposition and liquid recirculation in the MFP. Such outcomes are particularly relevant in the case of expen-
sive biochemicals or when the concentration of analytes is so low that it would impede deposition efficiency.
In addition, we demonstrated that this tool can probe multiple capture areas independently with a single
limited volume of a biological (clinical) sample.

For efficient biopatterning, we leveraged the strengths of the MFP and the underlying physics of HFC. First,
the hydrodynamic confinement of the processing liquid with the MFP eliminates the need for microfluidic
networks and channels or multiphase systems for localization and compartmentalization. The MFP provides
a dynamic and highly versatile means of localizing and presenting the processing liquid on a surface immersed
in an aqueous environment. This method is compatible with Petri dishes, glass slides as well as more chal-
lenging substrates with varying topologies, such as cell cultures and tissues sections. Second, this method
can be scaled to form larger or smaller footprints by changing the aperture size, aperture spacing and flow
rates with dimensions ranging from hundreds of nanometers to a few millimeters. The scanning capability of
the probe [123] allows the patterning on large surfaces, typically in the centimeter range, with the possibility
of creating arrays of up to 30,000 spots/cm? with a spot size of 10 x 10 um?. Third, the capacity of the MFP
to rapidly switch liquids [124] on top of the substrate makes it a relevant tool for implementing complex
biochemistries requiring multiple consecutive chemicals to be dispensed on the surface, or even for manu-
facturing protein microarrays.

A current limitation of the device is its throughput. In this paper, a single spot is patterned at a given time,
but we foresee processing multiple positions on the surface in parallel by leveraging standard microfluidic
channel bifurcations implemented on the probe. We believe that the MFP might not be the preferred tool
when the incubation or reaction time is in the range of tens of hours. However, as discussed in this paper,
most surface chemistries will be accelerated by convective transport, and thus long overnight incubation will
likely not be required. For specific applications, increasing the recirculated volume is readily feasible, but
working with processing liquid volumes below 100 nL is challenging to implement in the current probe con-
figuration. However, we believe that the microliter to milliliter range is appropriate for most biopatterning
applications, as it is compatible with standard volumes used in industrial methods, such as inkjets and pin-
spotters. Finally, the asymmetric teardrop shape of the deposition area can be altered by using different
aperture spacings and geometries. The method presented in this paper combines five of the six attributes of
an ideal biopatterning approach, namely, low reagent consumption, high deposition rate (kinetics), efficient
reagent usage, low variation in the spots deposited, and micrometer-scale precision in deposition. We
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strongly believe that this combination of advantages creates a powerful tool for an efficient and high-quality
patterning of receptors on surfaces and thus will enable quantitative assays in discovery research, point-of-
care devices, large-scale surface patterning and reverse immunoassays, and will catalyze the manufacturing
of protein microarrays. This method will be a unique facilitator in quantitative biology and precision diagnos-
tics.

3.5 Materials and Methods

3.5.1 Experimental section

Microfluidic probe platform. The MFP platform consists of three linear stages (Lang GmbH, Hittenberg, Ger-
many) for the positioning of the head relative to the surface. The sample is placed on a custom arm of the
stages that is placed above an inverted microscope (Eclipse TI-E, Nikon, Japan). The head can be positioned
on the surface with an accuracy of 100 nm. Images were acquired using an ORCA-Flash 4.0 camera (Hama-
matsu Photonics K.K., Hamamatsu, Japan) and using LED lamp illumination (Sola, Lumencore Inc., Beaverton,
OR). The MFP head is mounted on a holder vertical to the microscope objective, and aligned to the surface
using manual rotation stages. A detailed description of the set-up, alignment procedure and standard oper-
ation of the MFP head can be found elsewhere [120].

Set-up to implement liquid recirculation. Four independent reservoirs were connected to the MFP head
using 1/16 PEEK tubing (IDEX H&S, Oak Harbor, WA) and linear connectors (Dolomite Microfluidics,
Charlestown, MA). The reservoirs were pressurized using pressure control devices (MFCS, Fluigent, Paris,
France) with a working range of 200 mbar per channel. Pressure was switched in the four reservoirs simul-
taneously using two-way switch valves (2-switch, Fluigent, Paris, France). Pressures would typically stabilize
within hundreds of milliseconds, resulting in the stabilization of the flow confinement within one second.
Flow rates were measured using flow sensors (Fluigent, Paris, France). Hydrodynamic resistances in the MFP
head were designed to provide a suitable working range of pressures to generate the flows.

MFP head microfabrication. The MFP head is a microfabricated silicon-glass device. The head comprises four
apertures, hydrodynamic resistors, and two storage and mixing zones of 1 uL volume for circulation of the
processing liquid. Channels (50 x 50 um) in silicon were defined photolithographically and etched using deep
reactive-ion etching (DRIE). Subsequently, they were sealed by anodic bonding (1.3 kV, 475° C) with glass.
The fabrication process has been described in detail elsewhere [26].

Measuring the concentration of processing liquid. We used a solution of 50 uM Rhodamine B as the refer-
ence for concentration measurements. The fluorescence intensity of the flow confinement was acquired us-
ing a camera. We measured the average fluorescence value on a region of interest (ROI). To obtain the rela-
tive drop in concentration after each circulation cycle, the same ROI was used to measure the fluorescence
of the confined solution. For measurements requiring precise apex-to-surface distance control, we per-
formed a z-axis reference to zero height prior to each experiment.

Rabbit IgG antibody-antigen assay. A test surface was prepared starting with a clean polystyrene Petri dish
that was incubated 30 min at room temperature with 100 pL of a 50 ug/mL rabbit IgG solution (Sigma-Aldrich,
Saint Louis, MO). After three rinsing steps (PBS + Tween-20 0.05, PBS, and DI water), the surface was blocked
for 30 min with BSA (1% in PBS) and rinsed. Fluorescently labelled rabbit anti-lgG was deposited on the sur-
face with the MFP for different deposition times.
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Automated deposition of antigens on a surface with the MFP. After priming the fluidic tubing with the ap-
propriate solutions (fluorescent anti-IgG in the inner injection, PBS everywhere else), a Matlab script was
used for automating the sequential surface processing steps: stage movement for precise spotting, and valve
switching for recirculation and pressure control. Pressure controllers and switch valves were controlled by
the manufacturer’s API, and the stages with a standard serial protocol.

FEM modelling. Steady-state 2D transport simulations were performed using COMSOL Multiphysics version
4.2. We used incompressible fluids, open boundaries, and nonslip conditions on surfaces as parameters. The
model couples the solution of the Navier—Stokes equation and the convection-diffusion equations. All liquids
were chosen to be water (incompressible Newtonian fluid with a density of 998 kg/m? and a dynamic viscosity
of 0.001 N[S/m?). The diffusion constant of the analyte was set to D = 3.8 x 1077 cm?/s, which corresponds to
the diffusion constant of an IgG molecule.

Image analysis. Time-lapse images were analyzed using ImageJ and NIS Elements Basic Research software
suite (Nikon). Scale bars were calculated from bright-field images. To account for a potentially uneven illumi-
nation pattern, each image was divided by a control image taken on an empty zone of the slide. After removal
of the background, the processed image was used to calculate the fluorescence intensity.

Statistical analysis. Error bars represent the standard deviation. If no error bars are visible, the standard
deviation is smaller than the symbol representing the mean value. ‘n’ refers to the number of data points
unless specified otherwise.

3.5.2 Analyte consumption in a microchannel.

We consider deposition of immunoglobulin (IgG) on a deposition zone with a length of 100 um within a 100
pum deep channel and a flow rate of 1 pl/min. IgGs in solution that flow over the deposition zone can find a
binding partner within the deposition zone. This leads to formation of a depletion zone that extends to about
1.5 um (based on Squires et al. [115]) of the 100 um deep channel. All IgGs flowing through the remaining
98.5 um of the channel depth are not available for the binding reaction at the surface and thus the overall
usage of available analytes is well below 1.5%.

3.5.3 Operation of the microfabricated MFP head for liquid recirculation.

We fabricated a glass/silicon head comprising hydrodynamic resistors, storage and mixing zones and fluidic
vias for connection to the reservoirs (see Figure 3.7). We used a hierarchical flow confinement, with the flow
rates following three rules: both injections are identical, Q;; = Q;,; total aspiration is sufficiently high to
ensure a stable HFC, |Qg1 + Q2| = 3(Q;i1 + Q;2); and dilution must be minimal, Q;; = |Q42|. We observed
a stable and well defined HFC (Figure 3.7b, state 1). Upon switching the four pressures in the reservoirs, we
observed a rapid (< 1 s) establishment of the HFC with reversed flow direction (see Figure 3.7b, state 2).

Two serpentine zones, of 1 ul volume each, ensure in-head storage and homogenization of the processing
liquid (see Figure 3.7a). Further reduction of this volume is feasible to the extent that the total volume of the
recirculated liquid must be large compared to the fraction of processing liquid lost to the outer aspiration
during switching, typically below 1 nl per cycle at a flow rate of 1 pl/min.

37



Biopatterning with recirculation of hydrodynamically confined nanoliter volumes of reagents

resistors

Figure 3.7: Microfabricated MFP head generating a hydrodynamic flow confinement. a) MFP head with hydrodynamic
resistors, two 1 pl storage zones, two mixers, fluidic vias, and mounting vias. b) Micrographs of a hydrodynamic flow
confinement between the apex and the surface (d = 30 um). Switching from state 1 to state 2 occurs within 1 s.

3.5.4 Diffusive transport between two laminar flows within the HFC.

For the evaluation of the velocity vector field between apex and surface, we assume that the fluid flow from
and to the apertures of the MFP head can be described with the Hele-Shaw approximation. The apex-to-
surface distance d is in the order of 10 um, while the lateral dimension of the apex is in the range of 1 mm.
Movement of liquid perpendicular to the apex is therefore significant up to a distance of approximately 10
pum from each aperture. In this model, we neglect any movement of liquid perpendicular to the apex and do
a far field analysis by considering the apertures as line sources, stretching between the apex of the MFP and
the surface.

Each source individually produces a radial field of liquid flow and is assumed as the center of a cylindrical
coordinate system. The velocity vector field u(r, z) of liquid flow depends on the distance from the source r
and the vertical position z between the apex and the surface. The surface is at z = 0, while the apexis at z =
d. The net flow through a cylindrical boundary around the source has to equal the flow Q, effected by the

source:
h 2@
Qs = f f u(r,z) - rdodz (3.4)
00
Integration and solving for the velocity vector field u(r, z) for the respective source leads to:
U@, z) = niglsfl - z(d — 2)8, (3.5)

The magnitude of velocity varies in z-direction according to the classic parabolic flow profile. We therefore
reduce the problem to two dimensions by averaging the velocity in the z-direction:

h
a1 [ 30s ., Qs
(u)(r) = z(d —z)e, dz = 2nd[F] e,

h) nd3r (3:6)
0

By shifting sources to positions #; and superimposing their respective averaged velocity vector fields, the
resulting velocity vector field U(r) for any arbitrary combination of sources can be evaluated as:
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The vector field U(r) contains the 2D information of liquid flow paths in the entire domain between the apex
and the surface. The geometrical properties of potentially resulting HFC, such as size, shape and footprint
area can be evaluated on the basis of this vector field.

In a single HFC, dilution of the processing liquid is driven primarily by its aspiration together with the sur-
rounding liquid. In the hierarchical HFC, since Q;; = |Q2| dilution is solely due to diffusion of analytes from
the processing liquid to the shaping liquid and is therefore limited. For efficient recirculation of the processing
liquid, this loss of analytes should however be minimized. We developed a model to investigate the dilution
y of the processing liquid as a function of two key parameters, namely the apex-to-surface distance d and
the flow rate of the processing liquid Q;4.

We apply the advection-diffusion equation to study the transport of analytes. Here, v, and v, denote the
tangential and perpendicular components of the flow velocity.
dc ac ac <azc a%)
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The velocity field of liquid flow between the apex and the surface as well as the boundary conditions for

concentration are static, therefore above equation can be analyzed in steady-state. As v, = 0 and 327321 > 2_)2;
equation (3.7 becomes:
oc D 9%
a = g . a_p2 (3.9)

~ 1 (X o . . . . .
where U, = ;foxv(u)du is the average tangential velocity along the interface up to a position y along the

interface. Since we consider the initial concentration profile being a Heaviside step function, equation (S6) is

solved by:
c(x,p)=co- <% + % . erf<—%> ) (3.10)
X

The flux J () of analytes across the interface at a specific point y along the interface is given by the gradient
of the concentration in direction of p at x:

J)=-D (3.11)

To obtain the rate dnp /dt of analytes diffusing accross the interface, we integrate /() along one-half of the
interface and account for the apex-to-surface distance d, Avogadro’s number N and a factor two for sym-
metry:

5 Xmax
n
—L2-2d-N-c,- f

3t (3.12)

0

The injection flow rate of processing liquid, Q;;, defines the total rate of analytes transported through the
confined liquids that can be evaluated as dn;,/dt = N - ¢, - Q;;.
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The dilution y is expressed as the ratio between the rate of analytes diffusing from the processing liquid into
the shaping liquid and the total rate of analytes transported through the confined liquids:

(3.13)

3.5.5 Experimental validation of modelled loss per recirculation

To obtain a numerical value for y, we developed a Matlab routine to calculate ¥, for any position y along the
interface and to numerically evaluate the integral in equation (10). Theoretical values for y are presented
and compared to experimental dilution values in the following section.

The analyte concentration in the processing liquid will reduce for each circulation cycle. To experimentally
measure this reduction in concentration, we recirculated a fluorescent dye (Rhodamine B) back and forth
(cycles) and observed the drop in fluorescence. Using the hierarchical HFC with an injection flow rate Qi1 =1
pl/min, we measured an average drop in fluorescence of 10.67 + 1.05 % per cycle, corresponding to 36.2 %
of the initial concentration after 10 cycles (Figure 3.8a, black). For a second injection flow rate, Qi = 2 ul/min,
the fluorescence reduces by 4.75 + 0.38 % per cycle, which corresponds to 64.5 % of the initial concentration
after 10 cycles (Figure 3.8a, red). In comparison, the use of a single flow confinement resulted in a fluores-
cence reduction of 66 % after only one cycle, and a concentration as low as 0.09 % after 10 cycles (Figure
3.8a, dashed line). These results suggest that during recirculation the hierarchical HFC has the significant
advantage of minimizing the dilution of the processing liquid compared with single HFC.

We also investigated the dilution of the processing liquid as a function of d for flow rates Qi1 =1, 2 and 3
pl/min, which are commonly used when operating the MFP (Figure 3.8b) and made two important observa-
tions. First, dilution in the inner flow confinement increases with the apex-to-surface distance. Indeed, when
d increases, the boundary surface between the inner and outer flow confinements increases. In addition, for
a given flow rate, the apex-to-surface distance will have an impact on the flow velocity at the interface, and
therefore on the amount of analytes that can diffuse through the boundary prior to being reaspirated. Sec-
ond, dilution is lower at higher flow rates: an increase of the flow rate results in an increase of the flow
velocity along the boundary. This implies that both the net flux of analytes diffusing to the surface, dnp/0dt,
and the total amount of analytes injected through the aperture dn;,/dt will increase, the former less than
onp
the latter, resulting in increased dilution asy = at/anin.
at
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Figure 3.8: Factors impacting the dilution of the processing liquid. a) For a fixed apex-to-surface distance (d = 20 um),
fluorescence measurements (n = 5) of the processing liquid show the dilution at each circulation cycle for different flow
rates Qa2 = Qi1 = 1 and 2 pl/min. b) Comparison of the dilution per circulation cycle between theory and experiments for
three flow rates Qa2 = Q= 1, 2 and 3 pl/min (n = 5).

Both the experimental results and the analytical model exhibit similar trends and dilution values. As an ex-
ample, for Q3 = 3 pl/min, we used our analytical model to calculate the dilution of 4.11 % and measured a
dilution of 4.24 £ 0.78 % for an apex-to-surface distance d = 10 pum. This excellent correlation between ex-
periments and theory suggest that dilution is indeed primarily driven by diffusion at the liquid-liquid inter-
face. At low flow rates, for example, Q; =1 pl/min and for distances below 20 um, we observed a minor
discrepancy between the model and experimental results. This is potentially due to the change of the three-
dimensional shape of the HFC that we noticed experimentally and not accounted for in our model.

Therefore, according to both analytical and experimental dilution values, efficient recirculation is favored at
higher flow rates and when the head is in proximity of the surface. We note however that the flow rate will
influence the amount of processing liquid used per circulation cycle. This implies that for a finite volume of
processing liquid, there is a trade-off between the flow rate of the processing liquid and the number of cir-
culation cycles per minute for a given volume of processing liquid. Depending on the application, parameters
such as apex-to-surface distance and flow rates need to be adjusted to ensure proper surface processing and
minimal loss of processing liquid.
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3.5.6 Deposition of analytes on a surface using the MFP.

Binding of secondary antibodies to the surface results in the formation of a depletion zone within the HFC.
This depletion zone significantly limits the flux of antibodies to the surface and is therefore of interest in this
analysis. For quantitative description of the influence of the depletion zone on the transport of analyte to
the surface, we adapt an analytical approach summarized by Squires et al. [115]. The “global” Péclet number
Pe, is a measure for the size of the depletion zone relative to the geometrical boundaries of the HFC and is
evaluated as:

Pe Qi1

=———~2-103 (3.14)
g Dlg *Whyrc

where Wyec is the maximum width of the HFC footprint, Q;; is the imposed flow rate in the inner HFC and
Dy = 3.9 %1077 cm?/s [125] is the diffusion coefficient of the antibodies to be deposited. We assume an
inner HFC with Lygc = Wypc = 250 um, an injection and aspiration flow rate Q;; = 1 ul/min. Hence, for flow
conditions to be expected during MFP operation, Pe; »> 100 and thus the depletion zone is small compared
to the size of the HFC. The “local” Péclet number Pe; is a measure for the thickness of the depletion zone
relative to the length of the deposition area and is given by:

L 2
Pe, = 6Pe, ( *;FC) ~2-10° (3.15)

As Pe; » 100, the thickness of the depletion zone is small compared to the length of the HFC footprint. While
size and shape of the depletion zone obeys the advective transport of analyte, solely diffusive transport en-
ables the analyte to pass through the depletion zone and to eventually interact with the surface. With Pe,
and Pe, being large, the dimensionless flux F of analyte molecules through a thin depletion zone as described
above can be calculated numerically[115], [122] as:

1 1 1

F ~0.81-Pe3+0.71Pe, 6 —0.2"Pe, 3 ~95 (3.16)
After estimating the flux of analyte to the surface, we now focus on the interaction between the primary and
secondary antibodies on the surface. We assume this interaction to obey first order Langmuir kinetics. The
Damkohler number Da represents the ratio between the consumption of analyte on the surface and
transport rate of analytes. For Da > 1, the deposition process is transport limited, wheras for Da « 1, the
process is reaction limited. For the assumed system geometry, flow conditions and the chosen analyte re-
ceptor system, Da can be evaluated as follows

kon ' bm *Lypc -

Da = =~ 2.8 .
a Dy F N (3.17)

We used a set of parameters typical of MFP operation: a surface area of 250 um x 250 um presenting binding
sites at a density of 18000 sites/um? and a processing liquid containing an antibody solution. The molar
weight of the dispersed antibodies is 150000 g/mol and their diffusion coefficient is estimated to be 3.8 x 10°
7 cm?/s. For the binding reaction, we presume first order Langmuir kinetics with kon= 108 I/mol-s and ko =10"
3¢1[122].

Advective transport of molecules, as in the MFP, helps the reduce the thickness of the depletion layer and
speed up diffusion limited reactions in the domain of Da > 1.In contrast, reaction limited surface interactions
( Da « 1) can be sped up by using higher concentrations of the analytes. The strength of the MFP in such a
scenario lies in the ability to deploy and recirculate small volumes of reagents.
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Assuming first order Langmuir kinetics and accounting for the diffusion-limited transport to the surface, the
dynamics of the surface density of bound analytes by,rp(t) can therefore be described by:

(3.18)

konCob _konCotkosr
byrp(t) = —n 2R <1 —e t)

Da
konCO + koff
where the retarding effect of the limited flux through the depletion zone is accounted for by the factor Da™?1.

When the processing liquid is pipetted onto a surface coated with a primary antibody, the growth of the
depletion zone is not counterbalanced by advective transport and the flux of analytes to the surface reduces
continuously. Consequently, the Damkoéhler number depends on time and thus the surface density of bound
analytes for pipette-based deposition bPipette (t) can be approximated as:

koncobm

— 1

konCO + koff
(konc0+koff)-4ou,g-1v_ﬁ>

bPipette @) =
(3.19)

— e konbmLurc

The metric g(t) that quantifies the benefit of convective transport as compared to diffusion-driven transport
for surface biopatterning. The ratio £(t) of analyte bound with the MFP compared with that of pipette dep-
osition can be evaluated as:

_konCotkofr t
1—e Da

e(t) = (konCo Ko 40Dy N - (3.20)
(1-¢ )

konbmLuFc
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Chapter 4 Surface interactions at the mm-
and cm-scale using hydrodynamic flow con-
finements

The content of this chapter is based on the pre-print version of below listed research article, which
was published in 2016 in Langmuir, and is reproduced here with minor modifications with permission from
the American Chemical Society.

D. P. Taylor, I. Zeaf, R. D. Lovchik, G. V. Kaigala, “Centimeter-Scale Surface Interactions Using Hydrodynamic
Flow Confinements,” Langmuir, 2016, 32(41), pp. 10537-10544.

The later part of this chapter presents work on rapid pIHC, which is currently being drafted as a manuscript
and is to be submitted for review in fall 2019.

R. D. Lovchik, D. P. Taylor, G. V. Kaigala, “Rapid micro-immunohistochemistry,” manuscript under prepara-
tion.

My contributions to this publication were:

¢ Theoretical, numerical and analytical modelling

¢ Design and fabrication of the vertical probe heads
¢ Building the experimental setup

e Experimental work

e Writing of the manuscript and creation of the figures for the paper published in Langmuir.

4.1 Abstract

The following chapter covers two complementary packages of work pertaining to mm- to cm-scale interfacing
with immersed bio-interfaces.

The first and main package of work focuses on selective chemical interactions with immersed substrates at
the cm-scale using vertical probe heads in scanning mode: Our implementations enable both sequential and
simultaneous delivery of multiple reagents to a substrate as well as the creation of gradients of reagents on
surfaces. The method is based on localizing sub-microliter volumes of liquids on an immersed surface with a
microfluidic probe (MFP) using a principle termed hydrodynamic flow confinement (HFC). We here show
spatially-defined multiplexed surface interactions while benefiting from the probe capabilities such as non-
contact scanning operation and convection-enhanced reaction kinetics. Three-layer glass-Si-glass probes
were developed to implement slit-aperture and aperture-array designs. Analytical and numerical analysis
helped to establish probe designs and operating parameters. Using these probes, we performed
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immunohistochemical (IHC) analysis on individual cores of a human breast-cancer tissue microarray. We ap-
plied a-p53 primary antibodies on a 2 mm diameter core within 2.5 min using a slit-aperture probe (HFC
dimension: 0.3 mm x 1.2 mm). Further, multiplexed treatment of a tissue core with a-p53 and a-B-actin
antibodies was performed using four adjacent HFCs created with an aperture-array probe (HFC dimension: 4
x 0.3 mm x 0.25 mm).

The second part of this chapter work focusses on the rapid implementation of sequential interactions with
bio-interfaces at the mm-scale using horizontal probe heads in non-scanning mode. Horizontal probe heads
enable the formation of radial HFCs and thus allow the implementation of homogeneous incubation condi-
tions on top of independent circular sites of a bio-interface. Combined with a fluidic architecture allowing for
the rapid exchange of the processing liquid in the HFC, this enables the rapid, spot-wise implementation of
sequential bio-chemical protocols and is therefore highly suited for the spot-wise IHC analysis of samples.
While each interaction site, measuring about 1mm across, is large enough to allow for the retrieval of statis-
tically significant data, several independent interaction sites can usually be fit on a single sample. We used
this to implement an array of 14 interaction sites on a cell block section following a design of experiment to
determine the impact of variations in the incubation time of single steps in the protocol. The obtained data
can be used to optimize the trade-off between signal intensity, signal contrast and processing time in IHC
workflows, or to e.g. characterize batch-to-batch variation of bio-chemicals.

The ability of these devices and methods to perform multiplexed assays, present sequentially different liquids
on surfaces and interact with surfaces at the mm- to cm-scale will likely spur new and efficient surface assays.

4.2 Introduction

Compartmentalization is central to studying the effect of various (bio)chemical microenvironments on bio-
logical entities. Such testing and analysis of multiple parameters are useful in (bio)chemical screening, anal-
ysis, synthesis and characterization with applications, for instance, in drug discovery, studies of cell-to-cell
communication, and tumor marker detection [126]-[129]. Microtiter plates are currently one of the most
common substrates for compartmentalized assays in both research and diagnostics. To increase the analyti-
cal throughput, the trend has been to reduce the footprint and volume of each well of the microtiter plates,
with the current footprint of standard wells measuring 1.5 mm x 1.5 mm (1536 well plates). Further scaling
of the microtiter plates is hindered by constraints in fabrication together with requirements for liquid and
mechanical interfacing and imaging. These limitations have triggered a drive towards surface-based assays.
Such surface formats, called microarrays, use lithographic methods, inkjet printing and pin spotting to pro-
duce high-density patterns on surfaces [130]. These surface assays have the potential to enable high-through-
put analytical testing while simplifying read-out and detection. However, their lack of physical compartmen-
talization hinders multiplexing of liquid reagents and indicates the need for a new set of tools to enable
targeted interaction with biological samples such as DNA/protein microarrays, tissue sections and cell mon-
olayers. Such a tool should ideally be able to: (i) interact with the substrate on spatially distinct areas at the
mm- to cm-scale; (ii) deliver different liquids to a surface in both a parallel and sequential manner; (iii) enable
interaction with the surface without physical contact between the tool and the surface, and (iv) operate in a
wet environment to avoid drying artefacts. Several techniques have been developed that allow local pro-
cessing of immersed substrates [13], [21], [24], [25], [131] and fulfill subsets of the above criteria. However,
a versatile method to interact efficiently with immersed, cm-scale substrates in a localized manner remains
elusive.
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Pin spotters and inkjet systems are established technologies primarily used for patterning reagents on a dry
surface and are not suitable to implement biological assays on surfaces [102], [132]. Aqueous two-phase
systems implemented on immersed substrates by means of an inkjet-like nozzle have been used for pattern-
ing mammalian cells and bacteria [21], [133], but the spatial resolution and the limitations imposed by diffu-
sion between the two phases are not favorable for confining molecular reagents. Rapp et al. demonstrated
cm-scale patterning of antibodies using selective UV irradiation enabled by a digital micromirror device [134].
This method is limited to photo-initiated reactions and does not allow a selective change of the liquid envi-
ronment on a surface. Local processing was also demonstrated by Kim et al. by conformably sealing micro-
channels on surfaces but without the ability to stain specific regions of interest [12], [13]. In addition, me-
chanical contact can introduce cross-contamination and adverse mechanical stress on the biological sample,
which is also the case for another contact-based device, namely the chemistrode [17], a microfluidic device
that is sealed to a substrate to localize interactions. Atomic force microscope (AFM)-based methods and their
derivatives, such as the FluidFM [9] and dip-pen lithography [135], [136], enable local interaction with bio-
logical substrates with high resolution, but their narrow range of operation (which is ~*150 pm x 150 pum x 20
pum) is not compatible with cm-scale substrates. Other methods for high-precision interfacing with biological
substrates are scanning ion conductance microscopy [10], [20] and scanning electrochemical microscopy
[137], [138], both requiring implementation of reference electrodes and maintenance of specific homoge-
nous buffer conditions. This complicates the application of different processing liquids in (bio)chemical sur-
face-based assays.

A promising technology for local interaction with immersed substrates is the microfluidic probe and its vari-
ants (MFP) [24]-[26]. The MFP operates in a non-contact scanning mode and localizes a liquid on a surface
by creating a hydrodynamic flow confinement (HFC) (Figure 4.1a). Using the MFP, interactions with surfaces
on length scales ranging from single um to several hundred um have been demonstrated. The MFP and its
variants have been applied for multiplexed immunohistochemical analysis of tissue sections [139], biopat-
terning [30], and pharmacology on a single-cell level [140]. In the configurations of the probes used thus far,
the contact area of the processing liquid with the substrate is smaller than 200 um x 200 um.

Processing an area of, for instance, 1 cm? would require scanning the area of interest for extended periods
of time, when sufficient local incubation times are taken into account. Therefore, despite the favorable at-
tributes listed above, excessively long processing times as well as varying processing conditions due to scan-
ning render the probe technology in its current form unsuitable for cm-scale surface assays.

In this chapter, we present novel vertical and horizontal microfluidic probe devices along with a methodology
for selective delivery of microliter volumes of processing liquids to immersed substrates on the cm and mm
length-scales. This enables new strategies for multiplexed surface-based assays: uniform, localized exposure
to a single reagent (Figure 4.1b, left), multiplexed exposure to several reagents (Figure 4.1b, right), and gra-
dients of several reagents (Figure 4.1b, center). We present two families of probes, one with slit-aperture
designs for interacting with a surface using a single reagent and creating concentration gradients, and the
second one with aperture-array designs for multiplexed interaction and for creating concentration gradients.
We demonstrate the efficacy and applicability of our devised designs in the context of surface assays by
performing uniform and multiplexed immunohistochemistry on tissue sections and by patterning proteins
on a surface (Figure 4.9).

47



Surface interactions at the mm- and cm-scale using hydrodynamic flow confinements

mount
(2)

tubing ——"'

connector—

probe

immersion
injection (Q,) 3

flow =

confinement .-

b) slit-aperture probe aperture-array probe
\j% il
substrate / T \\4 ),/ — \
Y Ab1

W Ab2 . '

' ' ' ' " "
b Sl -

single reagent, multiple reagents, multiple reagents,
sequential simultaneous simultaneous

Figure 4.1: Strategies for HFC-based interaction on the cm-scale using vertical probe heads. a) The probe is positioned
~5 um to 50 um above a substrate. Inset: an HFC between the probe and the surface is created by setting the ratio of
the injection flow rate (Q;)Q;) to the aspiration flow rate (@5 Q4) to ~1:3. b) Two families of probes, slit-aperture probes
and aperture-array probes, enable several strategies of interfacing with surfaces: sequential exposure (left), multiplexed
exposure to different reagents on spatially separated regions (right), and creation of gradients (center). Inset: schematic
of antibodies patterned on a substrate immersed in physiological buffer.

4.3 Results and discussion

4.3.1 Vertical probe design and operating conditions for mm-scale HFCs

Two-layer Si/glass probes allow the formation of a pm-scale drop-shaped HFC by simultaneously injecting
and aspirating a processing liquid between adjacent apertures at the apex (Figure 4.2a) [26]. Extending the
HFC in one dimension can potentially enable processing on the cm-scale by scanning in the direction perpen-
dicular to the direction of extension. Intuitively, one would design probes with increased spacing between
the two adjacent apertures, resulting in an HFC that is elongated along its main axis. This however is not a
viable approach for the following reasons: (i) the resulting HFC would be significantly broad in the proximity
of the injection aperture and rather narrow in the proximity of the aspiration aperture (a “stretched” drop
shape). This change in width would result in non-uniform incubation times at different positions of the HFC,
and would become prominent when scanning the substrate in the direction perpendicular to the direction of
extension (main axis of the HFC, Figure 4.2a), (ii) to realize HFC at reasonable flow rates (Q;/Qa =
1/5Q;/Qa = 1/5), the distance between adjacent apertures may not be larger than the shortest distance
between an aperture and the edge of the apex. The maximum spacing between the adjacent apertures is
therefore limited to the thickness of the glass and Si substrates.

Another approach for enlarging the HFC is to increase the dimensions of the apertures perpendicularly to the
main axis of the HFC. In a two-layer probe, this can be done by increasing the etch depth d, which is as well
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limited by the thickness of the Si substrate. We note that fabrication techniques with different materials, e.g.
plastics, might provide additional options for scaling of the apertures. However, in the context of biological
assays, probes in Si and glass offers several advantages, such as (i) high-resolution features and geometries,
(ii) chemical inertness, (iii) robust thermo-mechanical properties, (iv) good optical properties, (v) controllable
surface properties, and (vi) robust and established protocols for fabrication and quality control [26]. To ena-
ble scaling of the apertures while leveraging the advantages of Si/glass probes, we present a three-layer
probe design, which allows the main axis of the HFC to be oriented perpendicularly to the Si and glass layers
(Figure 4.2b). In such a design configuration, the HFC can be extended homogeneously in one dimension by
scaling w. Also, w can be varied independently for each aperture, and scaling is independent of the thick-
nesses of the Si and glass substrates. This allows the fabrication of probes with adjacent slit apertures (Figure
4.2b) or arrays of adjacent apertures (Figure 4.2c).
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Figure 4.2: Design of slit-aperture and aperture array probes. a) Left: schematic of a two-layer probe with channels
etched on the face of the silicon substrate and then covered by glass. Aperture designs are restricted to linear configu-
rations with a common etch depth, d. Right: photograph of a two-layer probe with two channels leading to the apex. b)
Left: schematic of a slit-aperture probe for creating a homogeneous HFC, which is scalable in one dimension (along the
X-axis). Right: photograph of a slit-aperture probe. Channels connecting to slit apertures are bifurcated to provide a
homogeneous distribution of the flow through the aperture. c) Left: schematic of an aperture-array probe for creating
parallel HFCs. Right: photograph of the aspiration side of an aperture-array probe. While the injection apertures are
addressed independently, the aspiration apertures are grouped to minimize external fluidic interconnects.

4.3.2 Slit-aperture probes

We performed numerical simulations of liquid flow in the gap between the probe and the substrate to study
and optimize the flow patterns generated by slit-aperture probes. We fixed the distance between the probe
and the substrate at 30 um and Q;/Qa = 1/5. Figure 4.3a is a false-color image of the relative amplitude of
the flow velocity in the center plane between the probe and the substrate (XY-center plane) for a design with
identical slit lengths. The operating condition Q;/Qa = 1/5 is reflected by high velocity amplitudes in the
vicinity of the aspiration aperture. Figure 4.3c (top) highlights the flow path of the processing liquid in the YZ-
center plane for slit apertures of identical length and the operating conditions mentioned. The simulation
results suggest that under such operating conditions, a sheath flow of immersion liquid prevents the confined
processing liquid from contacting the substrate. The sheath flow results from the fact that more liquid is
aspirated from the region of the injection aperture, than the injection aperture supplies. Therefore, flow
from the injection aperture is complemented with a flow of immersion liquid. To further understand this
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failure mode, we developed a simplified analytical model in which we neglect the effects at the edges of the
apertures and only consider flow in the Y-direction. In three-layer Si/glass probes with slit apertures, the
distance between the aspiration aperture and the closer edge of the apex in the Y-direction (lower edge of
the apex) is 500 um, whereas the distance to the farther edge (upper edge of the apex) is 775 um. We as-
sumed that the pressure difference between the aspiration aperture and both the lower and the upper edge
is identical. We further assumed that the hydrodynamic resistance between the aspiration aperture and the
edges scales linearly with distance. Therefore, the relative aspiration flow supplied from the upper edge of
the apex can be calculated as 100% X (1 — 775 pm/ (500 pm + 775 pm)) = 40%. If the injection flow is
lower than this 40% fraction of the aspiration flow, as is the case for Q;/Q, = 1/5, additional liquid flow is
required from the upper edge of the apex. For slit apertures of the same length, this results in a sheath flow
of immersion liquid under the flow of processing liquid, thereby hindering interaction of the processing liquid
with the substrate. Contact between the processing liquid and the substrate can be enforced by providing an
injection flow that exceeds the aspiration flow in the vicinity of the injection aperture. The fraction of the
aspiration flow drawn in from the region of the injection aperture would nonetheless remain unchanged and
not all of the injected liquid would be recollected by the aspiration aperture. In such a case, the processing
liquid would not be confined. Slit apertures of identical length are therefore unsuitable for interacting with a
substrate using HFC, as there is no operating range between the two failure modes of (i) no contact between
the processing liquid and the substrate, and (ii) the loss of confinement of the processing liquid.

These failure modes however can be avoided by designing the aspiration aperture to be longer than the
injection aperture. We performed numerical analysis of the flow conditions for a probe with apertures with
alength ratio of L; /L, = 1/4. With the ratio of flow rates remaining at Q;/Q = 1/5, significantly less liquid
is aspirated from the direction of the injection aperture (Figure 4.3b), and the injection flow is not smaller
than the aspiration flow in the vicinity of the injection aperture. This results in the formation of a stagnation
zone between the edge of the apex and the injection aperture, indicating that a screening sheath flow of
immersion liquid is not formed and that thus the confined processing liquid gets in contact with the surface
(Figure 4.3c, bottom).

A longer aspiration aperture also ensures a stable confinement of the processing liquid over a broader range
of Q;/ Q4 values, because on both sides of the injection aperture there is still flow of immersion liquid from
the upper edge of the apex. This results in a shielding flow of immersion liquid around the HFC. Before the
confinement of the processing fails and the processing liquid streams into the immersion liquid from the
upper edge of the apex, the injection flow would have to overcome this shielding flow of immersion liquid.
Therefore, in a specific range of Q;/Q,, the fraction of the injection flow that exceeds the aspiration require-
ment in vicinity of the injection aperture is still recollected by the aspiration aperture and, in part, compen-
sates for the flow that would be aspirated from the lower edge of the apex.

As per the model, the minimum Q;/Q, ratio required for the processing liquid to contact the substrate scales
with LI/LA:

— =04 -— (4.1)

Leakage of the processing liquid from the upper edge of the apex occurs when the injection flow saturates
the fraction of the aspiration aperture that corresponds to the length of the injection aperture (see Figure
4.3c, hatched area).
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An upper threshold for Q;/Q4 can be therefore defined by
a_L
Qa La
Figure 4.3d illustrates the operating range to be expected based on the above estimations. For choosing the

(4.2)

appropriate ration of lengths of apertures, two general trends have to be considered: a high ratio of L; /L,
results in a higher ratio of Q;/Q, required to ensure contact between the processing liquid and the sub-
strate. This makes the HFC more prone to perturbations caused by scanning movements of the probe. A low
ratio of L;/L, in turn enables the generation of a more stable HFC, but offers a smaller working range for the
ratio of Q;/Qa. We experimentally verified the validity of the discussed solution using a design with L; /L =
1/4, as this ratio of lengths offers a comfortable working range, while providing good stability during scan-
ning movements. For this design we also analyzed the confinement conditions at different values of Q;/Qa
with a processing liquid containing fluorescein (Figure 3d, inset). The model predicts a loss of confinement
for Q1/Qa > 1/4. We verified experimentally that at this condition the HFC starts to bend around the edges
of the injection aperture and is susceptible to leakage of the processing liquid, in particular during scanning
mode of operation (Figure 4.3d, inset Il).

a) slit-aperture design (equal length) - center plane b) slit-aperture design (optimized) - center plane
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Figure 4.3: Optimization of slit-aperture probe designs and operating parameters. a) Numerical simulation of relative
amplitude of flow velocity (zero flow velocity in black regions, high flow velocity in bright regions) and flow pattern of
injected processing liquid (white streamlines) in the horizontal middle plane between probe and substrate for a probe
design with slit apertures of identical length. b) A probe design with an aspiration aperture that is 4x longer than the
injection aperture. c) Relative amplitude of flow velocity in vertical planes along the lines A and B indicated in a) and b).
For slit apertures of same length (top), a sheath flow of immersion liquid screens the confined processing liquid from
contacting the surface (see sketch on the right. Read arrows: flow of processing liquid, blue arrows: flow of immersion
liquid). In a slit-aperture probe (bottom) with the design illustrated in b), no sheath flow of immersion liquid is formed.
d) Working regime of Q;/Q, for different values of the aperture length ratio L;/L,. Insets: photographs of HFCs of a
processing liquid containing fluorescein for an aperture length ratio of 1:4 at different values of Q;/Q,.

4.3.3 Aperture array probes

An array of HFCs enables multiplexed and simultaneous processing of a substrate with different reagents.
Numerical analysis of the flow patterns in the XY-plane (gap distance 30 um, Q;/Q = 1/4) suggests that in
such a probe design there can be cross-talk between the HFCs at the extremities of the array and their adja-
cent HFCs (Figure 4.4a, top). The aspiration apertures for the HFCs at the extremities of the array can aspirate
liquid from the X-direction (Figure 4.4a, bottom). This is not the case for the other aspiration apertures in the
array, as there are competing aspiration apertures on both sides in the X-direction, resulting in a stagnation
of flow between neighboring apertures. The additional flow to the aspiration apertures at the edges of the
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array results in less liquid being aspirated from the direction of the respective injection apertures. A fraction
of the processing liquids injected at the extremities of the array is therefore aspirated by the neighboring
aspiration apertures, which alters the adjacent HFC, albeit to a lesser extent. One solution to this problem
would be to inject only buffer from the outermost injection apertures and only use the HFCs at the center of
the array for confining the actual processing liquids. A more general solution however is to create flow con-
ditions for the HFCs at the extremities of the array that mimic the conditions within the array. This can be
achieved by including additional aspiration-only apertures beyond the extremities of the array in the X-direc-
tion, which we term stabilization apertures. These stabilization apertures suppress flow from the X-direction
to the aspiration apertures of the flanking HFCs resulting in stagnation of flow between the stabilization ap-
ertures and the aspiration apertures at the extremities of the array. Those aspiration apertures therefore
aspirate mainly from the Y-direction, which leads to a stronger aspiration and therefore a better confinement
of the respective processing liquids. The further the stabilization apertures are positioned apart from the
array, the stronger aspiration to the stabilization apertures has to be to sufficiently stabilize the HFCs. The
cross-talk between HFCs and also the efficacy of the stabilization apertures for averting cross-talk were ex-
perimentally verified and are in concordance with numerical simulations (Figure 4.4 a and b, insets).

a) aperture-array (not stabilized) - center pane b) aperture-array (stabilized) - center plane
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Figure 4.4: Optimization of aperture-array designs. a) Top: numerical simulation of relative amplitude of flow velocity
(zero flow velocity in black regions, high flow velocity in bright regions) and the flow pattern of processing liquid (white
streamlines) in the middle plane between probe and substrate for an aperture array without stabilization. Bottom: non-
symmetric conditions for the aspiration apertures at the extremities of the array lead to cross-talk between HFCs. b)
Top: additional stabilization apertures can suppress the cross-talk between single flow confinements. Bottom: stabiliza-
tion apertures allow the creation of symmetric conditions for the aspiration apertures at the extremities of the array.
Insets: photographs of arrays of flow confinements using a fluorescein-containing processing liquid with and without
stabilization apertures.

4.3.4 Immunohistochemistry on tissue sections

Using slit-aperture and aperture-array probes, we demonstrated the staining of individual cores of a tissue
microarray (TMA). By this we show that the slit aperture and aperture array probes presented in this study
(i) allow to generate stable confinement of processing liquids on the mm-scale suited for interaction with
standard samples, (ii) short residence times observed in studies with um-scale HFCs can be transferred to the
mm- to cm-range and (iii) the presented devices and methods enable unique strategies to process an im-
mersed, cm-scale sample. Individual cores could be treated with different primary antibodies, or a single core
could be exposed to distinct primary antibodies. Importantly, with these new families of probes, it is feasible
to stain a core of interest or perform in-depth analysis of a selected core. For uniform mm-scale processing
of a single core, we used a design with an injection aperture of 1 mm x 0.05 mm and an aspiration aperture
of 4 mm x 0.05 mm (Figure 4.53, inset).
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This results in an HFC with a width of 1.2 mm, staining an area of about 2.4 mm? when scanned across a
tissue core with a diameter of 2 mm. The unprocessed area on this core could be used, for example, to per-
form analysis with an additional antibody [141]. We performed IHC on a breast-cancer-tissue microarray
slide. Here, the primary antibody (Ab) (a-p53, at a concentration of 25 pug/ml) was delivered with the MFP.
We added rhodamine B at a concentration of 10 uM to visualize the HFC. Rhodamine B binds non-covalently
to the tissue and is washed by the flow of immersion liquid during scanning of the probe over the tissue
(Figure 4.5a). The HFC extends about 330 um in the Y-direction, thus the local incubation time of the primary
Ab with the tissue section at the scanning speed of 0.01 mm/s chosen was about 33 s. All other steps of IHC
were performed for the entire TMA slide. In contrast to conventional methods, where the primary Ab incu-
bation is in the order of hours, here the incubation is performed within seconds. This is due to the convective
transport of the molecules to the substrate, resulting in an enhancement of reaction kinetics, and to the
application of higher concentrations of primary Abs. Using the set of parameters given above, we incubated
a 2-mm TMA core with primary Abs in 2.5 min, consuming approximately 7.5 ul of processing liquid. The
concentration of primary Abs used in conventional IHC (on the order of 1 pug/ml) typically is significantly lower
compared to the concentrations used in the discussed experiments. We did not focus on minimizing the Ab
consumption. However, consumption can be reduced by optimizing the flow rates, incubation times and the
Ab concentration. The total time required for processing an entire TMA can be further optimized by using
multiple probes, stacked probes, or by creating HFCs with a larger contact area with the substrate.

We also performed multiplexed staining by confining two primary Ab solutions (a-p53 and a-B-actin, both at
25 pg/ml) in 4 parallel, independent HFCs using an aperture-array probe capable of creating 8 HFCs (Figure
4.5Db, inset). The remaining 4 HFCs were run with PBS as processing liquid (processing liquids in the eight
adjacent HFCs: PBS — PBS — (a-p53) — (a-B-actin) — PBS — (a-p53) — (a-B-actin) — PBS). The injection flow rate
for each HFC was 0.5 pl/min and Q//Qa = 1/4. The area processed with each of the two Ab solutions was about
0.5 mm?, which sufficiently provides a measure of the antigen expression within the sample.
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Figure 4.5: Processing of tissue sections in a tissue microarray (TMA) on the cm-scale using HFC. a) Uniform staining of
a tissue section overexpressing p53. A slit-aperture probe is used to apply a processing liquid containing a-p53 Abs and
rhodamine B. Inset: bright-field image of a slit-aperture probe creating a 1 mm x 0.3 mm HFC of a processing liquid that
contains fluorescein. b) Multiplexed staining of a tissue section overexpressing p53. An aperture-array probe is used to
apply processing liquids that contain a-p53 Abs or a-B-actin Abs and rhodamine B. Inset: bright-field image of an aper-
ture-array probe creating eight parallel HFCs of processing liquids containing fluorescein. c) Bright-field image of a tissue
section after treatment with a-p53 Abs using a slit-aperture probe and chromogenic visualization. Inset: 5x magnifica-
tion of the edge of treated region. d) Bright-field image of a tissue section after treatment with a-p53 Abs and a-B-actin
Abs by means of an aperture-array probe and chromogenic visualization.

4.4 Horizontal probe heads for rapid pIHC

Above presented slit aperture and aperture array designs enable a fast processing on clinical samples by
scanning the HFC across the sample. When evaluating reagents, or classifying samples, it would be neverthe-
less desirable to implement multi-step reactions on single spots of a statistically relevant area. For this, we
developed specific horizontal probe heads (see Figure 4.6) and corresponding holders and interfaces.
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Figure 4.6: Current generation of horizontal probe heads. a) and b) The fluidic routing and the through-holes forming
the apertures are implemented on opposing sides of a double-side polished Si-substrate. After etching, the channels
are closed off by anodic bonding to a glass substrate with holes for fluidic connection. ¢) wafer layout with dicing-lines.
d) Photograph of horizontal probe head. The temporary silicon bridges are required to keep each probe head in place
during processing of the Si-wafers. The bridges are manually removed before a probe head is inserted into the holder.

We make use of a horizontal head design as it enables the implementation of arbitrarily shaped apertures.
We designed radial HFCs, which are suited for sequential interactions of liquids on surfaces at the mm-scale.
Radial HFCs are formed by central injection of a processing liquid, which is re-aspirated by surrounding, ring-
shaped apertures. IHC analysis of tissue sections is a highly sequential process. We decided to locally imple-
ment the three core steps of an IHC routine, the application of the primary antibody, the secondary antibody
and the streptavidin-peroxidase using horizontal probe heads (see Figure 4.7). These three steps determine
the quality of the obtained stain and usually require one up to several hours in on-bench protocols. Due to
convection-enhanced deposition and the ability to use higher concentrations without increasing the overall
consumption of reagents, the MFP is suited to locally implement the core steps of IHC analysis within
minutes. We refer to this method as “rapid puIHC”".
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Figure 4.7: Rapid pulHC-analysis of tissue sections. a) Fast-spot-wise analysis is enabled by implementing the three core
steps of an IHC protocol using the MFP and horizontal probe heads. b) The central injection aperture is linked to three
channels through which different reagents are injected: the primary antibody binds to a specific target protein of the
sample, the biotinylated secondary antibody binds only to the already bound secondary antibody. The streptavidin-
peroxidase eventually binds to the biotin-label of the secondary antibody and will affect a local stain upon global appli-
cation of the DAB chromogen (not displayed).

By linking the central injection aperture to three different channels, the processing liquid in the HFC can be
switched with about 2s (see Figure 4.8a). Screening test showed that the impact of the incubation time of
the streptavidin-peroxidase has a negligible effect on the signal intensity and contrast. To determine the ideal
incubation times for the primary and secondary antibody solutions, we performed a design of experiments
(central composite design), in which these two factors were systematically varied (see Figure 4.8b). The im-
plemented design of experiments consisted of independent sequential reaction implemented on 12 spots of
the same cell block section. To validate the results, we implemented negative control without primary or
secondary antibodies on two additional spots. After spot-wise, sequential incubation, the streptavidin-pe-
roxidase and the DAB chromogen were applied globally. An analysis of the results reveals significant first and
second order effects of the incubation time with primary and secondary antibodies. While increasing either
of the two incubation times has a positive effect on the signal level, the signal contrast deteriorates for longer
incubation with primary antibodies. Our results therefore suggest that an optimized workflow should have a
short incubation time for the primary antibody and an about five times longer incubation time for the sec-
ondary antibody.
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Figure 4.8: Characterization of reagents for rapid puIHC. a) The processing liquid within the HFC can be switched within
about 2s (demonstrated with food dye). b) We implemented a two-factor central composite design together with two
negative controls on a single cell block section. Streptavidin-peroxidase and DAB chromogen were applied globally. c)
Analysis reveals statistically relevant first and second order effects for both factors. The figure displays the response
surfaces for the signal intensity (red-white-blue) and for the signal contrast (red-yellow-blue). The negative curvature
of the intensity response surface for long incubation times with primary antibodies does physically not make sense and
is considered an artifact, which could be removed by increasing the number of datapoints. As the signal contrast dete-
riorates for long incubation with primary antibody, relatively short incubation with primary antibodies and relatively
long incubation with secondary antibodies results in the best staining results in the analyzed case.

4.5 Conclusion

The devices and methods presented enable versatile and localized interaction of different processing liquids
with immersed, mm- to cm-scale substrates. Surface (bio)chemical assays in general would benefit from the
ability to sequentially and simultaneously apply different liquids onto a surface. These multiplexing tech-
niques, in combination with the scanning capability of the probe, enable versatile spatio-temporal alterations
of selected regions of a substrate.

Slit-aperture probes and aperture-array probes applied in scanning-mode enable the creation of localized
gradients on a surface. Using a slit-aperture design, gradients can be created by supplying different liquids to
the injection aperture through independent channels. Probes with aperture-array designs allow the creation

57



Surface interactions at the mm- and cm-scale using hydrodynamic flow confinements

of discrete gradients by confining different proportions of two liquids in adjacent HFCs. The width of single
HFCs and also the spacing between neighboring HFCs in such an array could be scaled down significantly [26]
to provide a higher resolution for creating such gradients. To enable conformal processing of a substrate with
parallel HFCs, aperture-array probes could also be scanned over a substrate at an inclined angle (rotation
around Z-axis) to enable an overlap between the areas processed with separate HFCs.

We further believe that using the methods presented in this paper, in combination with sequencing different
liquids within each injection line, would be helpful for implementing a range of (bio)chemical assays on a
surface. This could be done by the controlled insertion and removal of immiscible spacers, thereby minimiz-
ing Taylor dispersion [124]. Moreover, we believe it is conceivable to integrate the methods presented with
techniques to perform local temperature alterations [142] to assist in performing efficient chemical reac-
tions.

A limitation of the devices and methods presented is the relatively high consumption of reagents compared
with that of on-bench protocols. An implementation of the discussed designs in probes made of plastics might
allow the distance between the apertures in a slit-aperture design to be increased to several millimeters. This
would increase the surface area the processing liquid interacts with before being re-aspirated, which would
result in a more efficient usage of the injected reagents. Another approach towards efficient use of the pro-
cessing liquids would be to create HFC with minimal dilution [120] in combination with liquid recirculation
[30].

Horizontal probe heads enable the formation of radial HFCs and were used for rapid and point-wise sequen-
tial interactions at the mm-scale. We believe that the concept of rapid pIHC might be either of direct diag-
nostic value for the bedside-analysis of tissue sections during surgery or be used to conveniently implement
designs of experiments for the characterization of reagents, or for the optimization of larger scale diagnostic
workflows.

In a research setting, the key use of the devices and methods presented for mm- to cm-scale interaction with
a substrate lies in enabling multiplexing in all steps of an analysis which are performed in liquid environment.
In a clinical environment, the short incubation times enabled by HFC of the processing liquids might allow
the deployment of e.g. IHC analysis to be done during surgery, while the ability to acquire more detailed
information on selected areas of interest can potentially enable a more targeted and more efficient analysis
of tissue sections. We believe that the methods proposed here can enable novel, complex and dynamic
(bio)chemical processes to be implemented on a range of biological substrates and for many applications.

4.6 Materials and Methods

4.6.1 Experimental section - vertical probe heads

Microfluidic probe platform. The platform comprised a scanning unit, a holder for the sample, a holder for
the probe and a flow control unit (Figure S2). The scanning unit held two stages for X-Y positioning of the
sample relative to the probe and another stage for Z-positioning of the probe over the sample (Zaber Tech-
nologies Inc., Canada). The entire scanning unit was placed on top of an inverted microscope (Eclipse TI-E,
Nikon, Japan). The probe itself was mounted on a holder that allowed tilt adjustment of the probe relative
to the sample. The flow control unit comprised reservoirs connected to the probe with 1/16 PEEK tubing
(IDEX H&S, USA) and fluidic connectors (Dolomite microfluidics, UK). Vacuum or pressure was applied to the
reservoirs using a pressure control device (Fluigent, France) (see Figure S3 for details on the simultaneous
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injection of multiple reagents). Flow rates were measured in real-time (Fluigent, France), allowing the system
to operate in a closed-loop feedback mode with constant flow rates. A detailed description of the platform,
alignment procedure and operation can be found elsewhere [26].

Probe fabrication. The probe is a glass-Si-glass device with microchannels defined by photolithography and
etched to a depth of 50 um using deep reactive-ion etching (DRIE) on both sides of a double-side polished Si
wafer. The microchannels were sealed by anodic bonding (1.3 kV, 475 °C) of the Si wafer with BF33 glass
wafers. Details of the fabrication process for two-layer Si/glass probes are described elsewhere [26]. To fab-
ricate the three-layer probes used here, each side of the processed Si substrate was bonded with glass se-
guentially.

Finite-element modeling. We performed steady-state 3D simulations with COMSOL Multiphysics (version
4.2). Non-slip boundary conditions were defined on all surfaces and a Neumann boundary condition for flows
across the virtual interface between the immersion liquid and the liquid underneath the apex of the probe.
At each aperture, a Dirichlet boundary condition defined the flow. All fluids were set to be water (incom-
pressible Newtonian fluid with a density of 998 kg/m? and a dynamic viscosity of 0.001 N s/m?).

Immunohistochemistry protocol. Human breast-cancer tissue microarrays (TMA) (Novus Biologicals LLC,
USA) were dried at 60°C for 45 min, followed by removal of paraffin and gradual rehydration. A hydrogen
peroxide block was applied prior to the heat-induced epitope retrieval (target retrieval solution pH 9.0, Dako
A/S, Denmark). The TMA was cooled gradually to room temperature in the target retrieval solution, followed
by a protein block. With the probe, local areas of the tissue section were exposed to the primary antibody
(Ab) solution. The primary Ab solutions used were a-p53 and a-B-actin, both produced in mouse (both Sigma-
Aldrich, USA), and were diluted to 25 pug/ml in PBS. Rhodamine B was added to all antibody solutions at a
concentration of 10 uM for flow visualization. For staining, we used enzymatically amplified staining with the
chromogen 3,3’-diaminobenzidine (DAB) for bright-field visualization (mouse-specific HRP/DAB IHC Kit,
Abcam plc, UK).

Bio-patterning and IgG—anti-IgG assay. A Si stencil (mask) was used to generate the protein patterns on the
surface. The surface of the stencil was cleaned with air plasma (200 W, 2 min), then the stencil was placed
on a sheet of Polydimethylsiloxane (PDMS) (0.25 mm, HT-6240, Rogers Corp., USA) supported by a micro-
scope glass slide. The channels of the stencil were filled with a solution containing 50 ug/ml IgG from rabbit
serum (Sigma-Aldrich, USA), followed by 30-min incubation. After rinsing with BSA (1% in PBS), the stencil
was removed. The PDMS sheet was then incubated with BSA (1% in PBS) for 15 min prior to treatment with
the MFP. The liquid applied with the probe as processing liquid contained fluorescently labelled a-rabbit IgG
at 25 pug/ml and BSA (1% in PBS).
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4.6.2 Localized IgG assay on a PDMS-surface
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Figure 4.9: Localized pattering of a substrate using mm-scale HFC. A microfluidic stencil [30] was used to create a line-
pattern of IgG from rabbit serum on a PDMS surface. A probe with slit-aperture design creating an HFC with a width of
1.2 mm was scanned perpendicularly to the line pattern (Q; = 6 ul/min, Q;/Q, = 1/5, speed 0.02 mm/s, gap 40 um)
to expose only the center of the pattern to the processing liquid. The processing liquid in the HFC was PBS containing
a-Rabbit IgG labelled with rhodamine B at a concentration of 150 ug/ml and 1% of BSA.
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4.6.3 Setup for localized processing of immersed surfaces
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Figure 4.10: Schematic illustration of the setup. For activation of flows, the pressure or vacuum can be adjusted in the
reservoirs connected to the probe. A stable adjustment of the pressure is possible, by regulating gas flow from a source
with a proportional valve in combination with a controlled leakage to ambient to compensate for overshooting. Liquid
flow is monitored by high precision flow sensors and the flow rates are used as feedback to adjust the pressure values
in closed loop control. The substrate is supported by a stage that allows scanning in X- and Y-direction, while the probe
is aligned with the optical axis of the microscope and can be moved in Z-direction for adjusting the gap between the
probe and the substrate.
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4.6.4 Reagentloading platform for multiplexing using aperture array designs
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Figure 4.11: Sample loading and interfacing for probes with aperture-array designs. a) To allow for confinement of up
to eight different processing liquids in parallel, the probe must be connected to a corresponding number of reservoirs
individually. To enable simple loading and handling of processing liquids, we interfaced the aperture-array probe with
96-well microtiter plates: after loading of the processing liquids, the 96 well plate is inserted into a pressure chamber.
The lid of the chamber holds eight capillaries, which upon closing is inserted into the wells containing the processing
liquids. When the chamber is pressurized, the processing liquids are injected into the capillaries, which are interfaced
with the probe via a 12-port linear connector (Dolomite Microfluidics Ltd., UK). b) Photograph of an aperture-array
probe. Hydrodynamic resistors, for enabling operation in the ideal working range of the pressure control system, as well
as fluidic connection ports are visible at the top end of the probe. c) Bright-field image of eight individual flows of pro-
cessing liquids confined at the apex of an aperture-array probe. The processing liquids contain blue and green food dye
for visualization.

4.6.5 Experimental section -rapid pIHC

Sample preparation. MDAMB468-1510A cell block sections were purchased from AMS Biotechnology Europe
(Massagno, Switzerland). A standard protocol was applied to the cell block sections to prepare the sample
for the IHC experiment. This involved: deparaffinization, hydrogen peroxidase block, target retrieval and pro-
tein block. The prepared cell block sections were kept in PBS at 4 °C no longer than one day until used.

MFP system setup. Two glass slides were placed into the substrate carrier next to each other. This allowed
adjusting the fluidic system to achieve stable flow confinements on a dummy glass slide, before then per-
forming the actual experiment on the sample glass slide. The injection channels of the system were initially
purged with colored liquids (diluted food colorant) until stable flow confinements were observed on the
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dummy glass slide. The pressure settings for each channel were stored in the control software to enable
quick switching between flow confinements with different colors.

Performing micro-IHC experiments. The MFP head was moved to the sample glass slide, which was covered
with PBS, and parked at a safe distance (e.g. 15 mm) away from the cell block section. The gap distance was
set to 75 um. The reservoir tubes containing food colorant were replaced with tubes containing the reagents
for IHC (primary antibody, secondary antibody and for some experiments streptavidin peroxidase and DAB
substrate). The primary antibody (ab122898, anti P53) as well as the other IHC chemicals (Mouse specific
HRP/DAB (ABC) Detection IHC Kit, ab64259) were purchased from Abcam (Cambridge, UK). Each injection
channel was purged with the according IHC reagent until no residual food color could be observed. The pres-
sure settings for stable flow confinements and switching between liquids were adjusted if needed. The MFP
head was then moved to the X and Y zero position in relation to the cell block section (upper left corner of
an imaginary square fitted around the circular cell block section). This starting point for the experiment was
set to O for the X and Y axis in the control software. Rapid uIHC with varying incubation times of the reagents
was performed by moving to designated coordinates over the cell block section and switching between the
reagent injection channels while keeping the aspiration flow constant. After applying the reagents with the
MFP, the sample was processed according to a standard IHC method. Depending on the number of reagents
applied with the MFP, the cell block sections were incubated with streptavidin peroxidase and DAB substrate
or only DAB substrate. No further treatment was needed for the cell block sections after scanning pIHC.
Processed cell block sections were dehydrated and mounted using standard mounting medium and a co-
verslip.

Data analysis. An upright microscope was used to image the sections and color photographs were taken of
each sample with 4x and 10x magnification. Quantification of the staining intensity was done using ImageJ.
Features were extracted manually as it was considered sufficient for the conceptualization shown here. The
individual images were analyzed the following: (1) at least 25 nuclei per spot were selected with the freehand
selections tool and the mean gray value calculated from all areas, (2) the same procedure was done to cal-
culate the mean gray value of the cytoplasm of the cells, where manually at least 25 regions per spot were
selected for analysis. The normalized stain intensity per spot was then determined by subtraction of the two
values.
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Chapter 5 Fluidic bypass structures for im-
proving the robustness of liquid scanning
probes

The content of this chapter is based on the pre-print version of below listed research article, which
was published in 2019 in IEEE Transactions on Biomedical Engineering (IEEE TMBE), and is reproduced here
with minor modifications with permission from the Institute of Electrical and Electronics Engineers. This arti-
cle was selected as a feature article for the 2019 September issue of IEEE TMBE.

D. P. Taylor and G. V. Kaigala, "Fluidic bypass structures for improving the robustness of liquid scanning
probes," IEEE Transactions on Biomedical Engineering, 2019, doi: 10.1109/TBME.2018.2890602

5.1 Abstract

We aim to improve operational robustness of liquid scanning probes. Two main failure modes to be ad-
dressed are the leakage of processing liquid due to an obstruction of its flow path and a deviation from the
desired gap distance between probe and sample. Therefore, we introduce a multi-functional design element,
a microfluidic bypass channel, which can be operated in dc and in ac mode, each preventing one of the two
main failure modes. In dc mode, the bypass channel is filled with liquid and exhibits resistive behavior, ena-
bling the probe to passively react to an obstruction. In the case of an obstruction of the flow path, the pro-
cessing liquid is passively diverted through the bypass to prevent its leakage and to limit the build-up of high
pressure levels. In ac mode, the bypass is filled with gas and has capacitive characteristics, allowing the gap
distance between the probe and the sample to be monitored by observing a phase shift in the motion of two
gas-liquid interfaces. For a modulation of the input pressure at 4 Hz, significant changes of the phase shift
were observed up to a gap distance of 25 um. The presented passive design element counters both failure
modes in a simple and highly compatible manner. Liquid scanning probes enabling targeted interfacing with
biological surfaces are compatible with a wide range of workflows and bioanalytical applications. An im-
proved operational robustness would facilitate rapid and widespread adoption of liquid scanning probes in
research as well as in diagnostics.

5.2 Introduction

Akin to scanning probes, such as atomic force microscopes (AFM), and scanning tunneling microscopes (STM)
used for applications in e.g. metrology, liquid scanning probes enabling localization of liquids on biological
samples, are poised to be increasingly used in biomedical research and medical diagnostics [8], [143]. Liquid
scanning probes enable local interaction with standard biological substrates, such as Petri dishes, microtiter
plates and microscope glass slides. By scanning the probe across a substrate, distinct areas of interaction can
be selectively chosen and interrogated.
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Different variants of liquid scanning probes have been developed to localize liquids on specific regions on
surfaces without cross-contamination between neighboring areas of interaction. Demonstrated implemen-
tations e.g. are based on the delivery of reagents in a second, aqueous phase to reduce mixing [103], or the
release of minute amounts of reagents [9], [135]. Another approach is to create flow patterns in the gap
between the liquid scanning probe and the sample by injection and simultaneous re-aspiration, to confine
the flow of a reagent within a so-called hydrodynamic flow confinement (HFC). Associated methods impose
no specific constraints on the properties of the applied liquids and are commensurate with the length-scales
of standard substrate formats, as they enable interaction with areas ranging from tens of um? to several cm?
[144]. This principle is applied in e.g. the microfluidic fountain pen, the multifunctional pipette and the mi-
crofluidic probe (MFP) [23]-[25], [93], [145].

The MFP allows to establish a flow confinement of a liquid reagent (to as low as a few pLs) on a surface with
a footprint at the scale of 100 um x 100 um (see Figure 5.1b). During operation, a probe head with a flat apex
is positioned at a distance of about 10-100 um from a sample. From apertures at the center of the apex, a
processing liquid can be injected and re-aspirated together with some surrounding immersion buffer, result-
ing in an HFC of the processing liquid on the sample surface. The use of the MFP and its capability for spatial
and temporal multiplexing of liquids on surfaces has been demonstrated in the form of local multiplexed
immunohistochemistry on tissue sections, local lysis of adherent cells and the creation of protein microarrays
[8], [26], [30], [143], for example.

A key aspect limiting the transition of these liquid scanning probes to the life-sciences, biology and medicine
is their lack of operational robustness. This lack of robustness is mainly caused by the slow or delayed detec-
tion of the occurrence of a failure by the peripherical operating instrumentation and monitoring units (see
Figure 5.1a). This can result in significant damage to the applied probe and the sample being probed. In this
paper, with the exemplary example of the MFP, we identify two main operational failure modes of liquid
scanning probes that rely on simultaneous injection and aspiration of liquids. As re-aspiration of a processing
liquid is required in several scenarios, such failure modes can occur in scanning electrochemical microscopy
(SECM) push-pull probes [146] and AFM-based probes used with liquids [147].
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Figure 5.1: Liquid scanning probes enable interfacing with immersed biological samples. a) Liquid scanning probes func-
tionally comprise five components. b) The probe head of a microfluidic probe has a flat apex with at least two apertures.
The probe head operates in proximity (~20 um) to the surface of an immersed sample. By injection of liquid from the
first aperture and re-aspiration at a higher flow rate from the second aperture, a reagent can be confined hydrodynam-
ically to a specific region of the sample.

The strategies outlined here are hence broadly applicable to a range of liquid scanning probes. We here pro-
pose a design element, a microfluidic bypass channel, which can be operated in two configurations to prevent

66



Fluidic bypass structures for improving the robustness of liquid scanning probes

these failures by either enabling a passive response of the probe, or by extending capabilities of the moni-
toring unit to allow for rapid feedback.

5.3 Failure modes of liquid scanning probes and strategies to avoid them

In liquid scanning probes, the fluidic structures and the instrumentation required to operate the probes are
simple, thus failures during operation largely result from the properties of the processing liquids and samples
(e.g. agglomeration of solutes) and from improper handling (e.g. a misaligned placement of a sample). As
biological samples and liquids can contain particles and bubbles and user-interactions are naturally prone to
variation, addressing the problem of robustness is key to enable a wide-spread use of liquid scanning probes.
We identified two main types of failure modes: a) the obstruction of one or more apertures resulting in a
leakage of the processing liquid or damage to the components of the setup, and, b) a deviation from the
desired gap distance resulting in an inhomogeneous interaction with the sample. To mitigate the impact of
these two main failure modes, we introduce the concept of a fluidic bypass structure between the injection
and the aspiration channel. We make use of the analogies between fluidic and electrical circuits to illustrate
and analyze the behavior of the introduced concepts. In the following designs and their analysis we assume
that the flow of liquids is actuated by the setting of a controlled pressure level e.g. in a reservoir connected
to a microfluidic channel. We emphasize that the presented concepts are equally applicable when imposing
the flow rate with e.g. a syringe pump.

5.3.1 Leakage of processing liquid due to obstruction of apertures

Partial or complete obstruction of one or several apertures can be caused by either local elevations in the
sample topography, or by particles and bubbles contained in the processing or the immersion liquid. As par-
ticles and small bubbles tend to follow the flow towards the aspiration aperture, this aspiration is likely to be
clogged. During operation of the MFP and other liquid scanning probes that rely on re-aspiration of a pro-
cessing liquid, an obstruction of the flow path between the injection and the aspiration aperture reduces the
effective re-aspiration of the injected processing liquid. This can easily result in a leakage of the processing
liquid into the surrounding immersion buffer and a contamination of regions of the sample, which should not
have been in contact with the processing liquid. Figure 5.2a illustrates this for partial obstruction of either
the injection or the aspiration aperture. This failure mode is especially problematic in using a device with
several parallel flow confinements [144]. While the probe head itself might be designed as a single-use device
and be replaced in the case of an obstruction, samples often are scarce and a leakage of corresponding liquid
might result in considerable damage. Further, the obstruction of an aperture may lead to the build-up of
increased pressure levels within the fluidic system and result in damage to hardware components, typically
capillary-chip-interfaces, as well in leakage of the processing liquid in affected parts of the instrument. In the
case where the aspiration aperture is used for picking objects from a surface, such as cells, from a surface,
the build-up of high differential pressure levels might result in damaging those objects [147]. To the best of
our knowledge, no strategies have been demonstrated to alleviate problems related to obstruction of chan-
nels.

Here we present a fully passive solution based on a liquid filled bypass channel between the injection and
the aspiration channel in the probe head (Figure 5.2b). An additional channel, the compensation channel, is
connected to the bypass channel. Buffer is injected through the compensation channel at constant pressure
to equalize the pressure on both sides of the flow-path element R4 when the probe is positioned at the de-
sired gap distance. If an obstruction of one or both apertures occurs, the differential pressure across the
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bypass increases, the pressure across element R4 is not balanced and the flow of injected reagent is redi-
rected through the bypass.
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Figure 5.2: Failure mode caused by obstruction and solution based on a resistive bypass. a) A blockage of either the
injection or the aspiration aperture might result in a leakage of the processing liquid into the immersion liquid. b) Equiv-
alent electrical model of a probe head with resistive bypass to mitigate failure due to obstruction of apertures.

5.3.2 Variations of the gap distance between probe and sample

The second failure mode is induced by a deviation from the desired gap distance between the probe and the
sample. Such a deviation is caused by scanning of the probe across a sample with variable topography, or by
a mechanical misalignment between the scanning-plane of the probe and the surface of the sample. For
given injection and aspiration flow rates, the interaction with the sample surface is specific for a gap distance
[25], [148]. For small gap distances (<5 um for the MFP), the probe and the sample might crash, while for
large gap distances (>30 um for the MFP, depends on the design of the probe and the ratio of aspiration/in-
jection flow), the injected processing liquid might not be in contact with the sample surface (see Figure 5.3a).
In order for the HFC to interact with a sample in a repeatable manner, as required for e.g. assays with optical
readout, working at a known and constant gap distance is crucial.
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Figure 5.3: Failure mode caused by wrong gap distance and solution based on a capacitive bypass. a) In the case of a
low gap distance, the probe might scratch and damage the sample. In the case of larger gap distances, the processed
areas at the surface are not well defined or the processing liquid might not be in contact with the sample b) Equivalent
electrical model of a probe head with capacitive bypass to mitigate failure due to obstruction of apertures.

AFM-based liquid scanning probe and probes related to scanning ion conductance microscopy (SICM) or
scanning electrochemical microscopy (SECM) are readily suited for monitoring the gap distance by assess-
ment of the deflection of a cantilever in the first case, or by measurement of a current between electrodes
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in the case of the latter ones. In contrast, for purely microfluidic liquid scanning probes, continuous monitor-
ing of the gap distance poses a challenge, as many available approaches have limited compatibility with bio-
analytical applications: optical measurement techniques, for instance, depend on the optical properties of
the sample and are therefore not compatible with many assay. A measurement of electrical current between
electrodes, as employed in SECM, imposes conditions on the applied buffer systems and requires the imple-
mentation of electrodes, which also limits the types of compatible applications [10], [20], [138]. A measure-
ment of the hydraulic resistance of the gap between the probe and the sample requires a relatively high flow
rate (above 100 pl/min) to obtain a quantifiable signal [149]. The sample surface thus is exposed to significant
shear stress, which is incompatible with e.g. assays on surface-adherent cells. Other approaches are not com-
mensurate with the range of gap distances of 5 um to 100 um, at which purely microfluidic liquid scanning
probes are typically operated: AFM-related probes usually are operated at gap distances smaller than 1 um
[9], while e.g. a measurement of distances in a liquid environment using ultrasound waves has a limit of
resolution at the scale of 30 um [150].

We here present a method of measuring the gap distance between a liquid scanning probe and a sample
based on the above introduced bypass channel, which provides a suitable range of measurement up to 25
pum and is well compatible with a wide range of bioanalytical assays. For this, we introduce a bubble of com-
pressible gas into the bypass channel (see Figure 5.3b) to change its behavior from purely resistive to capac-
itive. To stably hold the bubble in place, the geometry of the bypass channel is adapted to form a so-called
coupling cavity. The pressure inside this coupling cavity can be adjusted via the compensation channel.

If the injection of reagent through the injection channel is now modulated at a certain frequency, the trans-
duction of this modulation to the aspiration channel depends on the fluidic impedance of the fluidic network
formed by the channels in the probe and the gap between the probe and the sample. A change in gap dis-
tance thus induces a change in phase shift of the transduced pressure signal. This phase shift is measurable
with standard and simple imaging equipment, such as cell-phone cameras.

54  Theory

We designed and analyzed the bypass structures by drawing analogies between electric and fluidic circuits
and making use of principles of voltage distribution across networks of electrical elements and the superpo-
sition of linear responses [151], [152].

5.4.1 Resistive bypass - dc mode

To study behavior of a resistive bypass, we performed a steady state nodal voltage analysis of the corre-
sponding fluidic network (see Figure 5.4a). We assume that flow is driven by three ideal pressure sources
connected to the injection, the aspiration and the compensation channel, respectively. Following the Norton-
theorem [153], all three ideal pressure sources are converted to ideal flow sources. For the combination of
flow-path elements characterized in Figure 5.4d, representing a standard probe design with resistive bypass,
we numerically solved the system of linear equations to find the relative pressures at the nodes ¢1 - ¢s. With
knowledge of the pressure drop across each of the involved flow-path elements, the actual flow through
each element can be computed (see section 5.7.2 for details on the calculation of hydraulic resistances).

As shown in Figure 5.4c, during normal operation, there is no flow across the first section of the bypass (R4)
and all the processing liquid flows through the injection aperture into the HFC and is then re-aspirated. There
is a small inflow across Re, as immersion buffer is drawn into the gap from either side, ensuring confinement
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of all the injected flow of processing liquid. To assess the response to obstruction of either one of the two
apertures, the resistance of the flow-path element linked to either the injection aperture (Rs) or the aspira-
tion aperture (R;) was increased across two orders of magnitude. In response to an obstruction of the injec-
tion aperture, the nodal potential ¢ increases and ¢1 and ¢, are no longer equal. Consequently, a fraction
of the injected processing liquid flows through the bypass, thereby reducing the effective injection flow of
processing liquid into the gap. The effective injection flow of processing liquid further decreases due to the
higher resistance of the obstructed injection flow path. The more severe the obstruction of the injection
aperture, the more processing liquid passes through the bypass and the less flow enters the gap. In a scenario
without a bypass channel, only the second effect, the reduction of the injection flow due to an increased
resistance, occurs.

In the case of an obstruction of the aspiration aperture, in a probe with a resistive bypass, the nodal poten-
tials ¢, and ¢3 drop and again a share of the injected processing liquid flows through the bypass. As the
negative relative pressure applied to the aspiration channel in absolute numbers is higher than the positive
relative pressure applied to the injection channel, the pressure drop building up across the bypass channel
in the case of an obstructed aspiration aperture can be higher, accordingly. If the value of R; exceeds a certain
threshold, all injected processing liquid flows through the bypass channel and flow across Rg is inverted, as
immersion buffer is additionally drawn into the injection aperture (obstruction factor of 30 in the discussed
design, see Figure 5.4b).

In Figure 5.4b, the flow across Rs in the case of an obstruction of either the injection (faint colors) or the
aspiration aperture (intense colors), normalized by the undisturbed flow across Rg, is plotted versus a factor
of obstruction by which either Rg or R; are multiplied. If there is an obstruction of the injection channel, in a
probe with a resistive bypass, the reduction of the flow across Re is over 2-fold more pronounced than in a
design without a bypass.

The benefits of a resistive bypass becomes more apparent for the case of an obstructed aspiration aperture:
for a design without a bypass, the injection flow into the gap remains unaffected and processing liquid leaks
into the surrounding immersion liquid. In a probe with resistive bypass, in contrast, leakage of the processing
liquid is completely avoided.

5.4.2 Capacitive bypass - ac mode

For probes with capacitive bypass elements, the network analysis facilitates the design and operation by
highlighting the correlations between the applied relative pressure levels, the modulation frequency, the
internal volume of the coupling cavity, the gap distance, and the resulting phase shift between the input
modulation and the modulation transferred to the aspiration channel. Analysis of dc (constant flow) and ac
(time-dependent flow) characteristics is performed separately and the results are superimposed (see Figure
5.4e). Further, as the complex impedance is required to describe the frequency dependent properties of e.g.
a capacitor (see section 5.7.2), all calculations are performed in complex space. There are two pressure
sources relevant for the dc analysis: the first one supplies a constant positive relative pressure to the injection
channel, whereas the second provides a constant negative relative pressure to the aspiration channel. In
analogy to the above analysis of the resistive bypass, those two ideal pressure sources are converted to ideal
flow sources. As there is no net current across the bypass (Z3), this flow-path element is irrelevant for the dc
analysis. Again, a system of linear equations is solved to find the dc components of the relative pressures at
the nodes k1 — ka. For the ac analysis, the only source to be considered is a cos-type ac pressure source
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connected to the injection channel, the two dc sources are treated as short circuits. After conversion of this
source to an ideal flow source and the solution of the corresponding system of linear equations, one obtains
the relative amplitudes and phase shifts of the pressure modulation at the nodes k1 — Ka.

This data, superimposed with the dc distribution of pressure across the network, allows us to compute the
flow across any of the flow path-elements (assuming the system has equilibrated). On the basis of the de-
scribed ac model, we analyzed how strongly a change in gap distance between probe and sample would
change the phase difference between k; and k; and how well this effect would be observable. The pressure
amplitude of the modulation generated by the ac source linked to the injection channel is transferred to the
node K at a factor of about 102, Assuming input modulation amplitudes smaller than 100 mbar, a direct
measurement of the transferred pressure signals using standard pressure sensors (resolution of ~0.25 mbar)
would result in noisy signals. We thus chose to monitor the movement of the gas-liquid interface between
the gas in the coupling cavity and the liquid in the aspiration channel, to which we refer as the rear interface
(see Figure 5.6c), to track the modulation of the pressure in the aspiration channel. The gas-liquid interfaces
between the gas in the coupling cavity and the liquid in the injection and the aspiration channel reside in
tapered structures, so that the radius of curvature of each interface is free to adapt to the corresponding
differential pressure. Consequently, the acceleration of the rear interface is proportional to the pressure
difference between the inner volume of the coupling cavity and the pressure at k.. We therefore assume that
the movement of the rear interface exhibits the same relative phase shifts as the pressure at k; itself.
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Figure 5.4: Analysis of microfluidic probe heads with resistive or capacitive bypass structures. a) Equivalent electrical
model of a microfluidic probe head with a resistive bypass. b) Plot of normalized flow through the injection aperture
plotted over the factor of aperture-blockage for a device with resistive bypass (green) and a device without bypass
(blue). The dynamic response of a probe head with resistive bypass to the event of an obstruction significantly reduces
the risk of leakage of processing liquid. c) Flow path of liquids in a probe head with resistive bypass during normal
operation and blockage of either the injection or the aspiration channel. d) Conductance of the individual flow-path
elements of an exemplary probe head with resistive bypass. e) Equivalent electrical model of a microfluidic probe head
with a capacitive bypass. The ac and dc behavior of the system was characterized separately and superimposed. f)
Transfer of a sinusoidal pressure modulation from k1 to k2 in two designs featuring coupling cavities of different volumes.

Based on the computed, time-dependent pressure levels at k; and k,, as well as the geometrical boundary
conditions and the properties of the involved fluids, we estimate the movement amplitude of the rear
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interface for a given combination of gap distance and modulation frequency (see section 5.7.6). The surface
plots in Figure 5.4f display the estimated movement amplitudes for a range of modulation frequencies and
gap distances, assuming a reasonable input modulation amplitude of 40 mbar. The movement amplitudes of
the rear interface drop from over 100 um to less than 20 um, as the gap distance becomes smaller than 5
um. This is due to the decrease of the relative pressure at k, occurring when the probe is close to the surface
of the sample, which results in an increased pressure drop across the rear interface. Under these conditions
the rear interface adapts a relatively small radius of curvature and the changes induced by the modulation
result in smaller relative changes of the interface position. Our model also predicts that the movement am-
plitudes get smaller for higher modulation frequencies. This occurs, because the analyzed network acts as a
high-pass filter and more efficiently transfers the pressure modulation to the aspiration side at higher fre-
guencies. A better transfer of the pressure modulation in turn results in a lower differential pressure across
the coupling cavity and therefore in less movement of the gas-liquid interfaces. This effect shifts to higher
frequencies as the volume of the coupling cavity is reduced. The color of the surface plots in Figure 5.4f
encodes the change in phase shift between the pressure levels at k; and k, for a change of the gap distance
of 1 um. Regions in which changes of the gap distance induce a high change of the phase shift are marked by
more intense color. It is clearly observable that the changes in phase shift are more pronounced across a
wider range of frequencies and gap distances for smaller coupling cavities. Movement amplitudes in the
range of 100 um can be resolved well with e.g. low-cost optical equipment (see subsequent section). Our
model therefore suggests that a simple optical tracking of the rear interface should allow an observation of
relative changes of the phase shift induced by changes of the gap distance for gap distances above 5 um,
with higher movement amplitudes to be expected for low frequencies.

5.5 Results and Discussion

5.5.1 Resistive bypass for compensation of obstructions of apertures

To test and demonstrate the functionality of the resistive bypass structures, we added food colorant to the
liquids used in the experiment. This allows the tracking of specific liquids within the fluidic network. The
processing liquid was colored green, the immersion buffer blue and the bypass buffer, which is injected
through the compensation channel, was left transparent. Figure 5.5a shows a photograph of a probe with a
resistive bypass. The conductance of the individual flow-path elements of this design is displayed in Figure
5.4d. The major share of the overall resistance of the bypass is attributed to the first section of the bypass
(R4), in order to limit the flow of buffer from the compensation channel into the injection channel in situations
when the distance between probe and sample is larger than the desired gap distance.

During normal operation (see Figure 5.5b), the processing liquid (green) flows through the injection channel
(left hand side in Figure 5.5b) and is re-aspirated together with some of the surrounding immersion liquid
(blue) through the aspiration channel (right hand side in Figure 5.5b). There is no flow across the first section
of the bypass channel (R4) and only flow of buffer (transparent) in the second section of the bypass channel
(Rs).
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2 mm

Figure 5.5: Resistive bypass for dc configuration. a) Probe head with channels etched in silicon. b) Normal operation: no
flow across first section of the bypass, only flow of bypass buffer through second half of bypass. c) Complete obstruction
of the injection aperture: processing liquid (green) flows through the bypass. d) Complete obstruction of aspiration
aperture: immersion liquid (blue) is pulled into the injection aperture and through the bypass together with the pro-
cessing liquid.

We obstructed the apertures one after another by approaching the probe head towards a slab of PDMS of
250 um thickness, which we positioned on the microscope glass slide that served as the sample surface in
the described experiments. By centering the apex of the probe on the edge of the slab of PDMS, one aperture
could be blocked selectively while leaving the other one unaffected.

If there is an obstruction of the injection aperture, flow in the injection channel starts stagnating and the
relative pressure in the injection channel increases. Consequently, the total pressure drop across the bypass
channel increases and the injected processing liquid is partially redirected through the bypass channel (see
Figure 5.5c). The probe can be brought in a full contact with the slab of PDMS and then be retracted subse-
quently without processing liquid leaking into the surrounding immersion liquid. In the case of a total ob-
struction, all injected processing liquid is redirected through the bypass.

When bringing the aspiration aperture gradually closer to the surface of the slab of PDMS, the aspiration flow
across Ry drops and the relative pressure in the aspiration channel gradually decreases. Again, this results in
a higher total pressure drop across the bypass and a partial re-routing of the flow of injected processing liquid
through the bypass channel. If the obstruction of the aspiration aperture is severe, all injected processing
liquid is redirected through the bypass channel together with some immersion buffer, which enters the in-
jection channel through the injection aperture (see Figure 5.5d). Also the aspiration aperture can be brought
into complete contact with the PDMS obstacle and then be retracted again without leakage of processing
liquid into the immersion buffer.

5.5.2 Capacitive bypass for continuous distance sensing

Fig. 6A depicts the probe used for demonstrating the concept of measuring the gap distance by observing
the phase shift between the modulation of pressure in the injection and the aspiration channel. The coupling
cavity has two tapered regions in order to let the front and the rear interface freely adapt to the differential
pressure that drops across them [124]. The tapered region hosting the front interface is designed with a
larger angle of inclination, as the differential pressure across the front interface is lower and this interface
therefore adapts to larger radii of curvature than the rear interface. The drain channel and the probing chan-
nel did not have any function in the described experiments.
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On the basis of the above considerations, we chose a probe design with a relatively small coupling cavity with
a volume of 0.36 mm?® and a modulation frequency of 4 Hz. This modulation frequency was found to be a
good trade-off between resulting signal amplitudes, observable changes of the phase shift and the detecta-
bility of the signal with respect to noise from the environment. For tracing the phase shift between the pres-
sure modulation in the injection channel and the pressure modulation in the aspiration channel, we decided
to track the movement of the front and the rear interface using a video camera. By inferring the phase of the
excitation signal and the transduced signal from the same video, we circumvent the problem of having to
synchronize signals from multiple measurement devices.
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Figure 5.6: Capacitive bypass for continuous monitoring of the gap distance. a) Probe head with channels and capacitive
bypass etched in silicon. b) Differential phase shift between the movement of the front and the rear interface recorded
at 4 Hz (dots) and fitted theoretical model (line). c) Air-filled coupling cavity during the experiment.

We set the relative pressures in the reservoirs such that the mean injection flow rate was 3 pl/min and the
mean aspiration flow rate 9 pl/min. We then recorded the movement of the front and rear interface for 5 s
at a given gap distance, to integrate over 20 modulation periods. For gap distances below 25 um, we ran-
domly chose the order of the measurement points, to exclude hysteresis effects. The measured relative
phase shifts between the front and the rear interface show a clear correlation with the gap distance. A change
in phase shift is traceable up to gap distances of about 25 um under the described experimental conditions.
This covers the typical operating range during MFP experiments. In Figure 5.4f we highlighted the chosen
experimental conditions and the observed measurement range with dashed lines in the corresponding sur-
face plot of the modulation transfer function. The observed measurement range is in good agreement with
the theoretical prediction.

In order to fit the analytical model to the recorded experimental data, two modifications have to be made.
The first modification is required, because the contact angle between the materials the probe is made of and
water is smaller than 90°. As a consequence, liquid wets the inner walls of the coupling cavity, which gives
rise to a bypass flow of liquid through the coupling cavity [29]. This has to be taken into account by adding a
resistive element to Zs in parallel (see section 5.7.7). A second modification is required, as in the actual ex-
periment there are parasitic capacitances spread across the fluidic network. We take these into account by
adding a capacitive element in parallel to Z,. By treating the properties of those additional elements as free
fit parameters, the model can be fitted to the experimental data (see Figure 5.6b). To fit the experimental
data, the value of the resistive element acting in parallel to the coupling cavity is estimated to be 1.25:Z, and
the sum of all parasitic capacitance in the network is estimated to be 1.23 times higher than the capacitance
of the coupling cavity, corresponding to a volume of 0.44 pl. The values of these two fit parameters do not
conflict with any aspect of the physical setup and are intuitively reasonable. For further refinement of the
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model, one might consider taking into account the dampening effects of viscous shear stress on the motion
of the gas-liquid interfaces.

5.6 Conclusion and Outlook

We introduced a design element, a microfluidic bypass channel, which significantly improves the operational
robustness of liquid scanning probes relying on re-aspiration of a processing liquid. The bypass channel can
be operated in two configurations, each addressing one of the two main operational failure modes: in the dc
mode, the bypass channel enables the fluidic network to intrinsically react to an obstruction by rerouting the
flow of processing liquid. While not countering obstructions per se, this mechanism prevents leakage of the
processing liquid into the immersion liquid and thus helps to protect the integrity of precious samples. In the
ac mode, the bypass enables continuous monitoring of the gap distance without the need for sophisticated
sensing equipment and without adding constraints on the performed experiments. Even though the ideal
geometry of the bypass channel is different for each mode, a bypass designed to be used in ac mode can be
used just as well in dc mode.

While the performance of the bypass in dc mode fully meets the requirement of preventing leakage of pro-
cessing liquid into the immersion liquid, if one or several apertures are obstructed, we envisage that monitoring
of the gap distance in ac mode could be further improved. The resulting range of measurement from 5 um to
25 um could be enhanced by adding hydrophobic patches to the coupling cavity, to suppress its resistive be-
havior. Also, additional capacitive flow-path elements could be added to obtain e.g. local extrema of the phase
transfer function at specific gap distances. Further, a higher resolution in tracking the interface positions by
means of e.g. electrode arrays, or optical line sensors would increase the range of operation in terms of gap
distance and modulation frequency and help to speed up data acquisition and analysis.

We further envisage that the dc and ac functionality can be combined to directly enable leakage free operation
at a constantly monitored gap distance: the differential pressure building up due to an obstruction could be
employed to displace the gas in the coupling cavity and open up a resistive flow-path for internal bypassing of
the processing liquid. The action of such a design element would be fully reversible and repeatable, as the gas
volume would move back to its original position and close the bypass flow path for the processing liquid upon
normalization of the differential pressure levels.

Bypass elements might also be used for rapid switching between different processing liquids [27]. In the context
of more specific applications, the functionality of a fluidic bypass could be enhanced with additional functional
elements, as e.g. spheres and bi-stable membranes. Such functional elements could open or close specific flow
paths depending on the differential pressure dropping across the bypass. This would enable the probe to react
to certain events with specific actions, without the need for any sensing or control infrastructure.

The presented concepts will help to improve the operational robustness, applicability and versatility of liquid
scanning probes relying on the re-aspiration of liquid, while being compatible with a wide range of device con-
cepts and bioanalytical applications. We hope the presented structures and methods help to pave the way for
a reliable, long-term operation of such probes in diagnostic and analytical applications.
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5.7 Materials and Methods

5.7.1 Experimental section

Probe heads and experimental platform. The MFP platform consists of five basic components: a sample
holder with a sample covered by immersion liquid, a probe head, an XYZ positioning system to position the
probe accurately relative to the sample, an imaging system, and a liquid flow actuation system. The probe
can be made from various materials to be suited for a specific application. In the discussed case the probe is
a silicon glass device [26]. Channel structures were photo-lithographically defined and then etched into the
silicon at a depth of 100 um using deep reactive-ion etching (DRIE). Subsequently, the silicon wafer was an-
odically bonded to a BF33 glass wafer (1.3 kV, 475 °C), to seal the channel structures and single probes were
then obtained by dicing. After dicing, the apex of the probe was lapped and polished on a wafer polishing
tool (LP50, Logitech, UK) to obtain a well-defined and smooth surface. The positioning system consists of
three linear stages (Zaber Technologies Inc., Canada) with a positioning resolution of 0.05 um. The sample
can be scanned in the XY-plane relative to the probe, while the probe itself moves only along the Z-axis, in
order to stay aligned with the optical axis of the microscope. Imaging of the HFC is performed from under-
neath, through a transparent sample, using an inverted microscope (here: Lumascope LS620, Etaluma Inc.,
USA). A dye, e.g. fluorescein, can be added to the processing liquid to facilitate the visualization of the HFC.
The tubing (1/16 FEP tubing, IDEX H&S, USA) is connected to the probe by a circular microfluidic connector
(Dolomite Microfluidics, UK). Each fluidic channel is connected to a fluidic reservoir, in which the relative
pressure is controlled using a pressure control system (EZ-Flow, Fluigent SA, France). Only DI water was used
as liquid in the described experiments. For better contrast, food colorant and fluorescein were added, as
needed. We used a microscope glass slide as a dummy-sample. The glass slide had 250 um thick slabs of
PDMS on it, which allowed us to selectively obstruct either the injection or the aspiration aperture.

Experimental setup for evaluating the capacitive bypass. In order to modulate the relative pressure in the
reservoir connected to the injection channel in the experiments on the capacitive bypass, the reservoir was
connected to a 2/3-way switch valve (24 V solenoid valve, Neptune Research & Development Inc., USA). The
valve linked the reservoir to two gas-filled buffer containers with a volume of 0.5 liters each, one supplying
positive relative pressure and the other one negative relative pressure (see section 5.7.5). The pressure in
the buffers was controlled by a pressure control system (EZ-Flow, Fluigent SA, France). The buffers were
required to prevent an interference between the alternating relative pressure in the reservoir linked to the
injection channel and the pressure control system, which is configured to maintain a constant pressure at its
output ports. The 2/3-way valve was supplied with power from a laboratory power supply and connected to
ground across a bipolar transistor, which was switched by a square-wave signal generated with a waveform
generator (33511B, Keysight Technologies, USA). To record videos of the coupling cavity at a frame rate of
240 fps during operation of the MFP, we used a Galaxy S7 cellphone (Samsung Electronics, South Korea) with
a 20x clip-on lens. Interface movements could be reliably tracked down to movement amplitudes of about
80 um.

Analytical modelling. The described systems of linear equations were solved using Matlab (MathWorks, Inc.,
USA). Also, the interior-point optimization routines used to find suitable input pressure levels, as described
in section 5.7.4, were setup and run in Matlab.

Image processing and measurement of the phase shift. To assess the phase shift between k; and k; in probes
with a capacitive bypass, we analyzed the recorded videos of the coupling cavity to track the movement of
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the front interface (same relative phase shift as k1) and the rear interface (same relative phase shift as k3).
The optical flow between two subsequent frames of the video was computed using Matlab, which allowed
us to extract relative velocity amplitudes in defined regions of the videos [154]. This was performed for both,
the front and the rear interface, then the acquired data was transformed to spectral space and finally the
phase information at the modulation frequency was extracted for each interface from the corresponding fast
Fourier transform (FFT) bin.

5.7.2 Estimation of parameters of flow-path elements

To calculate the hydrodynamic resistance of individual flow path elements, we used the formulas listed as
follows:

For elements with round cross-section (capillaries) [64]:

8-u-l

—— (5.1)

Ryouna =

Here, u = 1.002 - 1073 Pa- s is the dynamic viscosity of water at room temperature, 7 is the cross-sectional
radius of the flow-path element and [ is its length.

For elements with rectangular cross-section (channels) [155]:

4-u-l 1

Rre“=w-h3.1_64-h_t R W (5.2)
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w is the width and h the height of the flow-path element under consideration, with w > h.

To estimate the hydrodynamic resistance of flow-path elements in the gap between probe and sample, we
assumed purely radial flow and one central injection emitting liquid at the flow rate Q [64]. Based on continuity
and assuming no-slip boundary conditions at the probe and the sample, it can be stated that

h 21
Q =f0 dzJ0 rd0A(r)z(h — z) (5.3)

Here, the z-axis is oriented perpendicularly to the two parallel plates, z = 0 is at the surface of the sample
and A(r) is the area of the bounding surface at radius r. Integration over the gap distance h yields:

Uu(r,z) = %Z(h - 2)é, (5.4)

Inserting this expression into the creeping flow approximation of the Navier-Stokes equations gives

d 0%u
»__,2° (5.5)
or 0z2
and integration results in an expression for the pressure p at a given radius r
6uQ (m
SN 56
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Therefore
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6u 7
Rgap = mh’l (g) (57)

We assumed r; = 100 um and r, = 300 um for the HFC (Rg and Zg) and r; = 100 pm and r, = 600 pm for
the elements linking to the edge of the apex (Rs, R1o and Z7, Zs).

To estimate the capacitance of the volume of air in the coupling cavity, we assume ideal gas laws and fully
isothermal compression. The compressibility of the gas inside the cavity thereforeisk = —1/V -dV /ot =1 -
1075 Pa~! . If the pressure applied through the liquid to the gas in the cavity changes, the volume of liquid
inside the cavity changes:

dAp

ch.W (5.8)

Q denotes the flow of liquid and C the capacitance of the cavity. Insertion of k yields:

_oav ( 16V) ddp v dAp (5.9)
0=~ Vap) dt dt '
It thus follows that
C=—-kV (5.10)

The impedance Z. of the capacitive element further depends on the modulation frequency f;:

1

Ze=—" 5.11
€T 2nf,  C (5.11)

5.7.3 Nodal analysis - systems of linear equations

Conversion of the ideal voltage sources to current sources (connected in parallel with the first flow-path
element) following the Norton theorem [153]

Vi

I, =
1 R1

(5.12)
Analysis of probes with resistive bypass

The system of linear equations for a probe with resistive bypass (g; denotes the conductance 1/R;):

g1+ 9a+t 9s —94 0 —Ys 0 01 I
—94 g2t 9s+ 9s —=Js 0 0 ¥2 I,
0 —3Js g3+ gs +97 0 —97 o3 |=|-I (5.13)
—Ye 0 0 ge T 9s + 9o —Js Pa 0
0 0 —97 —Js g7+ 9s t 1o ] 0

Analysis of probes with capacitive bypass

The system of linear equations for the ac analysis of a probe with capacitive bypass (y; denotes the admit-
tance 1/Z;):
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Y1+ Y3t ya ~Y3 ~Ya 0 K1 I
—Y3 Y2+Y3+Ys 0 —Ys K2 0
. = 5.14
—Ya 0 Ya+ Ve T Y7 —Ye K3 0 ( )
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The resulting values for the nodes k; - k4 are phasors expressing the amplitude and phase of the respective
node at the modulation frequency.

The system of linear equations for the dc analysis of a probe with capacitive bypass:

Y1+ Vs 0 —Ya 0 K1 I,
0 Y2+ Vs 0 —Ys K2 —I
. = 5.15
—Ya 0 Yo+ Vet Vs —Ye K3 0 ( )
0 —Ys —Ye Vs + Vet Vs kg 0

5.7.4 Optimization routines for definition of adequate input parameters

Determination of input parameters for a probe with resistive bypass

We iteratively solved the system of linear equations in Matlab within an interior-point constrained optimiza-
tion routine (fmincon) to find a workable combination of settings for all three sources with respect to the
following conditions:

The optimization target was defined to be the minimization of the ratio of aspirated flow to the sum of the
flows through the injection and the compensations channel. This makes the optimization settle in a local
minimum in vicinity to the defined starting points (p; = p, = —p3 = 100 mbar).

We postulate that the pressure p; of the source connected to the injection channel to be positive, i.e. flow
is injected into this channel.

The flux Q- across flow-path element 7 should be three times larger than the flux Qg4 across flow-path ele-
ment 6. This corresponds to an aspiration-to-injection-ratio of three in a classical probe without bypass. By
experience this ratio results in a well-shaped HFC for common gap distances.

Further, the potential ¢, should be negative relative to the ambient, to make sure there is inward flow to
the gap between probe and sample and no processing liquid leaks to the immersion buffer.

The potentials ¢, and ¢, should be equal to suppress flow of processing liquid through the bypass during
normal operation at the desired working distance.

At a working distance of 20 um, for example, for the design characterized in Figure 5.4d, suitable relative
pressures would be p; = 54 mbar, p, = 120 mbar and p; = —100 mbar, resulting in total injection/aspira-
tion flow rates of 1.5 pl/min through the injection channel, 3.5 pl/min through the compensation channel
and 8 ul/min through the aspiration channel during normal operation.

Determination of input parameters for a probe with capacitive bypass

The above model of a probe with capacitive bypass is solved within an optimization routine, to find a combi-
nation of settings for the sources with respect to following conditions:
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The optimization target was defined to be the minimization of the ratio of aspirated flow to the dc offset
injection flow. This makes the optimization settle in a local minimum in vicinity to the defined starting points
(p1 = —p3 = 100 mbar).

We postulate that the pressure p, (t) of the source connected to the injection channel to be greater or equal
to zero at all times, i.e. flow is injected into this channel.

The flux Qs across flow-path element 5 should be three times larger than the time averaged flux Q, across
flow-path element 4 to again reach an effective aspiration-to-injection-ratio of three.

Further, the time averaged potential ic3 (t) should be negative relative to the ambient, to make sure there is
an overall inward flow to the gap between probe and sample and no processing liquid leaks to the immersion
buffer.

For the proposed exemplary design (see Figure 5.9c) for the admittance values of flow path elements of the
specific design we analyzed) this analysis results in a constant offset pressure at the input of 40 mbar, which
is superimposed by a sinusoidal modulation with an amplitude of 40 mbar, which results in a mean flow of
2.8 ul through the injection channel. At the aspiration a constant differential pressure of -99 mbar is applied,
resulting in a mean flow of 9.8 pl/min.

5.7.5 Measurement of relative phase shifts

The measurement setup used for the assessment of the phase shift between the movement of the front and
the rear interface in the coupling cavity is depicted in detail in Figure 5.7. As mentioned in the main paper,
buffers were required to avoid counter-productive controlling actions of the pressure control system as it
would detects unstable pressure levels at its outputs if there were no buffers.

The flow sensors in each flow path are not needed in principle, but allowed to counter check the calculations
of the resistance of the respective flow path and to monitor the system during the experiment more carefully.

The actual relative pressure levels set with the pressure control system during the experiment presented in
Figure 5.6b, were:

Buffer 1: 410 mbar

Buffer 2: -210 mbar

Aspiration reservoir:  -100 mbar (measured flow rate: 9.1 pl/min)
Compensation reservoir: ambient pressure

The negative relative pressure in buffer 2 allows the modulation amplitude to be increased. The relative
pressures applied in the buffers greatly exceed the modulation amplitude of about 40 mbar suggested by the
model. Nevertheless, as the model is in good agreement with the measured aspiration flow and a well-de-
fined HFC was observed through the microscope (see video 1), we assume the actual pressure modulation in
the injection reservoir to be in the range of the amplitude suggested by the model. We assume that only
small fractions of the relative pressure levels present in the buffers get transferred to the reservoir, consid-
ering the dead volume and resistance of the tubing, the valve and the reservoir and the short switching times
(250 ms, as the pressure is modulated at 4 Hz).
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Figure 5.7: Setup for tracking the gap distance via monitoring the motion of liquid-gas interfaces. In addition to the setup
required for a probe with a resistive bypass, this setup includes instrumentation required to modulate the pressure in
the reservoir connected to the injection channel and a video camera for recording a side view of the probe.

5.7.6 Calculation of the relative movement amplitude of the rear interface

To estimate the movement amplitude of the rear interface we performed the following steps:

We first estimated the inner pressure of the coupling cavity in a situation with constant injection and aspira-
tion (no modulation) at a gap distance of 20 um, by comparing the resulting positions of the front and rear
interface with our observations from the experiment (see Figure 5.6c). Each interface adapts a position along
the respective taper which results in a curvature of the interface corresponding to the pressure that drops
across it. The opening width d; of the taper at the resting position of the interface is given by [124]:

_ 2-cos(60 — )
7 Ap h (5.16)

y NVE cos(0)

81



Fluidic bypass structures for improving the robustness of liquid scanning probes

Here, 8=45° is the estimated contact angle between the liquid and the walls of the coupling cavity, i is the
angle of inclination of the taper (15.5° for the front taper and 3.1° for the rear taper), h=100 pum is the etched
depth of the coupling cavity and y = 75.75 mN/m is the surface tension of the liquid.

As the reservoir connected to the compensation channel was mounted about 5cm above the surface of the
immersion liquid surrounding the apex of the probe and no additional pressure was applied to this reservoir,
we assume that a hydrostatic pressure of p, = 0.05m-0.1- 10> Pa/m = 500 Pa built up in the coupling
cavity. With mean relative pressures of 128 Pa at k; and of —414 Pa at k5, the front interface, according to
the model, stabilizes at a width dyr = 340 pwm and the rear interface at a width dy, = 120 um. These inter-

face positions are in good accordance with our experimental observations.

The resting position of the rear interface is re-calculated for each examined gap distance by taking into con-
sideration the calculated relative pressure at k, and an internal pressure of the cavity of p, = 500 Pa.

We assume the response of the interface to be linear for small variations of pressure. To find the deviation
of the interface from its resting position due to the modulation of the pressure, we evaluate the maximum
change of pressure drop across the coupling cavity due to the modulation dp = max(py, (t) — py, (£)). Then,

using the above equation, the total change in position dx is:

d, 1

dx = dp -
x Ap ptam/)

(5.17)

. . . . d
Two effects impact dx across the space of frequencies and gap distances: for small gap distances ﬁ becomes

very small (this derivative has a quadratic dependence of the pressure in the denominator) and thus the
movement amplitudes get smaller, too. For higher frequencies, the modulation of the pressure is more effi-
ciently transduced to the aspiration channel and the pressure difference across the cavity dp becomes
smaller (see Figure 5.8b), which also in a reduction of dx.

a) air b)
. . 300
front interface rear interface
— 250
E
£ 200
5
g
£ 150 \
8 100 S
liquid ~ 50 ) S—
\_/.—\/—\J .
o 5 10 15 20
coupling cavity frequency [Hz]

Figure 5.8: Motion of the interfaces in the coupling cavity due to the pressure modulation. a) The opening width of the
taper is lower for the rear interface as the pressure drop across this interface is higher and the resulting curvature of
the interface is smaller. b) The differential pressure drop across the interface decreases with increasing modulation
frequency, as the transfer of the modulation is more efficient at higher frequencies.

5.7.7 Modification of the model to fit the experimental data

When comparing the recorded experimental data with the analytical model presented in the paper, we found
that a capacitive element has to be introduced in parallel to Z; or Z,, in order to account for parasitic

82



Fluidic bypass structures for improving the robustness of liquid scanning probes

capacitances across the fluidic network and, more importantly, a resistive element connected in parallel to
the capacitor of the coupling cavity has to be taken into account. This resistive element was present as well
in the described experiments: as the liquid has a contact angle to the walls of the coupling cavity lower than
90°, a liquid film covers the walls of the coupling cavity and enables a direct flow of liquid between x; and
K,. As demonstrated in Figure 5.9b, this resistive element leads to a significant change in the behavior of the
fluidic network: the blue curve represents the behavior of the model fitted to the experimental data (with an
additional capacitive element added to Z; and a resistive element added to Z3) and the brown curve displays
the behavior of the same model, but without the resistive element added to Zs. The fitted model (blue curve)
originally converges towards O for large gap distances and has to be shifted by an offset of 0.23 rad to fit the
experimental data. The model without a bypass flow through the cavity (brown curve) approaches a constant
value large gap distances. We therefore believe that the most accurate description of our experimental data
would be a hybrid model, as the thickness of the liquid film at the walls of the cavity, and thus also the
resistance of the bypass through the cavity, changes with the relative pressure that drops across the coupling
cavity. We did not further investigate this, as the purpose of this study was to demonstrate the basic feasi-
bility of assessing the probe-sample distance by observing relative phase shifts in the movement of the two
interfaces. We expect that the total relative phase shift and thus the sensitivity and measurement range of
the presented approach can be significantly improved by making regions of the coupling cavity hydrophobic
to prevent a bypass flow of liquid.
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Figure 5.9: Adjusted model for ac configuration. a) In order to fit the experimental data additional flow-path elements
(red) were included in the model. b) Comparison of a model with parallel resistive element in the bypass (blue) and a
model without parallel resistive element in the bypass (brown). The capacitor in parallel to Z; was kept for both models.
c) Admittances of the flow-path elements with capacitive bypass (volume of coupling cavity is 0.36 mm3). The admit-
tance of elements with capacitive characteristics has an imaginary part (displayed in light grey color).
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Chapter 6 Reconfigurable microfluidics:
real-time shaping of virtual channels through
hydrodynamic forces

The content of this chapter is based on the pre-print version of below listed research article, which
is currently being reviewed for publication in Small, and is reproduced here with minor modifications.

D. P. Taylor and G. V. Kaigala, "Reconfigurable Microfluidics: Real-time Shaping of Virtual Channels through
Hydrodynamic Forces," Small, 2019, under review (smll.201902854)

6.1 Abstract

To break the current paradigm in microfluidics that directly links device design to functionality, we introduce
microfluidic “virtual channels” that can be dynamically shaped in real-time. A virtual channel refers to a flow
path within a microfluidic flow cell, guiding an injected reagent along a user-defined trajectory solely by hy-
drodynamic forces. Virtual channels reproduce key microfluidic functionality: directed transport of minute
volumes of liquid, splitting, merging and mixing of flows. Virtual channels can be formed directly on standard
biological substrates, which we demonstrate by sequential immunodetection at arrays of individual reaction
sites on a glass slide and by alternating local and global processing of surface-adherent cell-block sections.
This approach is simple, versatile and generic enough to form the basis of a new class of microfluidic tech-
niques.

6.2 Introduction

The precise control of liquid flow at the microscale is central to microfluidics and its numerous applications
[4], [156]. Current microfluidic devices are designed and fabricated to perform specific tasks and allow only
a few parameters to be altered during operation, such as e.g. flow rate and temperature. The most critical
parameter of a microfluidic technique however is the geometry of the fluidic device itself. We believe that
breaking the current paradigm of a direct linkage between the design of a microfluidic device and its func-
tionality will spur new microfluidic methodologies. The value of versatile technological platforms is well illus-
trated in the field of electronics by the success of field programmable gate arrays (FPGA). To provide a similar
level of flexibility, a reconfigurable microfluidic platform should be able to dynamically implement key mi-
crofluidic functions such as: (a) the directed transport of minute volumes of liquids, (b) splitting, (c) merging,
and, (d) mixing of microfluidic flows.

While arrays of valves allow for switching between predefined flow paths, the corresponding devices are
complex multi-valve microsystems and offer only limited dynamics [157]—-[159]. Current implementations of
reconfigurable microfluidic devices mostly rely on the directed motion of the contact line between a surface-
born aqueous phase and an immiscible host phase to either propel single droplets across a surface [160]
(digital microfluidics), or to establish steady, channel like flow-paths [39], [161] (virtual electrowetting
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channels). Interfaces between immiscible liquids can be displaced by means of electrowetting [39], [160],
[161], thermowetting [162], or surface acoustic waves [163]. Subject to the physics of wetting and de-wet-
ting, these methods either exhibit slow dynamics in the reconfiguration of established channels or do not
allow a continuous flow of liquid. In either case, specific surface properties are required to enable a controlled
displacement of liquids. Besides their well-known applications involving electrowetting, arrays of electrodes
can also be used to control flow patterns in fully aqueous environments by locally tuning non-uniform elec-
tro-osmotic flow (EOF) [60], [61]. Nonetheless, practical use of EOF is limited, as it only allows the generation
of relatively low flow rates and is impacted by the composition of the used liquid. Two classes of devices have
emerged that enable a dynamic implementation of microfluidic flow patterns in compatibility with a wide
range of aqueous buffer conditions and flow rates: 1. microfluidic perfusion systems [12], [13], [164], [165]
with a flow cell, in which flow patterns can be created and altered through injection and aspiration of liquid
from openings in the side walls of the flow cell, and 2. liquid scanning probes [25], [26], [95], [140], [166],
[167], which allow the creation of deterministic flow patterns atop immersed flat surfaces by continuous
injection and re-aspiration of liquid from apertures at their apex. Nevertheless, both these approaches fall
short of dynamically reproducing key functional aspects of classical microfluidic channels: As microfluidic
perfusion systems only allow for in-plane injection and withdrawal of liquid from lateral openings, they e.g.
do not allow for splitting or merging of microfluidic streams. Concepts of liquid scanning probes demon-
strated so far, on the other hand do not provide enough degrees of freedom, i.e. enough independently
tunable injection and aspiration flows, to enable the formation of by-design channel patterns.

Here we present a concept to guide the flow of a reagent inside a microfluidic flow cell along a reconfigurable
trajectory —a “virtual channel” — which enables a dynamic implementation of key microfluidic functions. To
form a virtual channel, the flow of a reagent is hydrodynamically confined to a defined flow path via the
controlled injection of buffer liquid from an array of apertures featured in the bottom of the flow cell. Virtual
channels can interact with widely used substrate formats, such as microscope slides and Petri dishes, in a
straightforward and reversible way. We further introduce new functionalities enabled by programmed se-
guences of channel configurations and illustrate potential applications, i.e. the implementation of a multistep
surface-immunoassay, as well the localized sequential processing of a cell block slice. We believe that the
device and method we demonstrate here could form the basis of novel microfluidic methodologies to be
developed in the context of research, as well as of diagnostic and industrial applications.

6.3 Results and discussion

6.3.1 Formation of virtual channels

We create virtual channels in a microfluidic flow cell (Figure 6.1a) formed by a rectangular recess (60 mm x
20 mm x 0.1 mm) which is closed from top with a glass slide (see Figure 6.6 for detailed schematics). The flow
cell is uniformly filled with an aqueous immersion buffer and flow boundary conditions are applied via out-
of-plane flow through apertures in the bottom of the recessed area. Through independent control of the flow
rate at each aperture (see Figure 6.7 for information on flow control hardware), the velocity potential land-
scape within the flow cell is tuned locally to form and manipulate virtual channels. As flow within the flow
cell is laminar and the directionality of flow is constant on any plane between the top and the bottom con-
fining surface, the conformation of virtual channels can be well-described in 2D. We therefore use potential
flow theory to analyze the motion of liquid within the flow cell. The resulting flow velocity at any point in the
analyzed plane is the gradient of a complex potential Q, which is a linear superposition of the complex po-
tentials generated by each aperture (see section 6.4.2). In the standard configuration, i.e. to form elongated
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virtual channels towards the open boundary of the flow cell (Figure 6.1a), aqueous immersion liquid is in-
jected at about 250 pl min~! from aperture A. Since the flow rate imposed on aperture A usually is the
highest occurring flow rate, we also refer to it as the “main injection”. By injection and aspiration of immer-
sion buffer from the apertures in the 4x4 aperture array (first row: aperturesl-4, second row: 5-8, and so
on), the virtual channel guiding the flow of a reagent injected from aperture B can be dynamically altered.
Reagents are injected at flow rates approximately 500-fold lower than those at aperture A.

To exploit the dynamic aspect involved in the creation of virtual channels, a user must be able to create and
modify virtual channels based on visual observations or changing experimental requirements. To implement
a user-defined channel configuration (step 1 in Figure 6.1b), the flow rates to be set at the individual aper-
tures are determined via a one-step fitting scheme based on potential flow theory (see supplementary text
for details). Step 2 in Figure 6.1b displays the anticipated flow pattern illustrated by contour lines of the
stream function ), which are parallel to the streamlines of the flow.
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Figure 6.1: Formation of virtual channels inside a microfluidic flow cell. a) Virtual channels are generated in a flow cell
with one open lateral boundary. The bottom confining surface features apertures through which liquid can be injected
or aspirated. Immersion buffer is injected from apertures A and 1-16 to create and dynamically adjust flow trajectories
—virtual channels — towards the open boundary of the flow cell. Aperture B serves as the inlet for injection of a reagent.
b) 1. A desired channel configuration is user-defined through one or several splines. The flow rates required to match
these splines are determined numerically by minimalizing an analytical expression for the area spanned by the tangent
vector £ to the spline and the local flow velocity ¥ at discretized points (see supplementary text for details). 2. The
resulting flow pattern is represented by a contour plot of the stream function. 3. The desired channel configuration is
formed by application of the determined flow rates. In the displayed experiment, water with blue food dye is injected
into the virtual channel.

The blue streamlines highlight the anticipated trajectory of an injected reagent assuming the impact of dif-
fusion is negligible. Calculating an average Péclet number Pe = ¥ - W /D provides good insight into the rele-

vance of diffusion for the confinement of a reagent in a virtual channel. Here, 7 = 5 mm s~ 1

is a representa-
tive mean flow velocity in the flow cell, W= 0.5mm is the width of a virtual channel and D =
21073 mm? s~ is the diffusivity of a small molecular reagent of interest (e.g. carbon monoxide) in water.
The resulting Pe here is on the order of 1.25 - 103, indicating that advection dominates in the transport of
molecules and diffusion can be neglected for virtual channels at described length-scales and flow velocities.
The determined flow rates can be output to a multichannel flow control unit, in our case an array of syringe

pumps, to physically establish the desired virtual channel (step 3 in Figure 6.1b). The dynamics of the
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establishment of a virtual channel are influenced by: (a) The time required for all set flow rates to stabilize,
which we observed to take up to 2 s. We attribute this lag to the finite stiffness and mechanical reverse play
in our self-made flow control unit and to microbubbles trapped in microfluidic fittings and connecting capil-
laries. (b) The time required to flush volumes of reagent left behind by a disbanded virtual channel. A full
transition from the confinement of a reagent in one virtual channel to its full confinement in a subsequently
formed channel depends on the overall flow velocity in the flow cell and is typically on the order of 20 s.

6.3.2 Implementing key microfluidic functionalities using virtual channels

Directed transport of a reagent to a certain position of the open boundary of the flow cell, which could be
linked to e.g. reservoirs to collect finite sample volumes, is demonstrated in Figure 6.2a. This function is anal-
ogous to a microfluidic multiport selection valve that connects one inlet port to several outlet ports. A virtual
channel can be rapidly linked to another position at the open boundary without cross-contamination and
while allowing full optical access for e.g. process control. This concept could be applied to a continuous flow
but also to trains of droplets or suspended objects. The shape of a virtual channel can also be adjusted locally,
without changing its overall flow direction. This enables targeted interaction with a wide range of flat sub-
strates, such as functionalized surfaces, or slides supporting surface-adherent cells or tissue sections, which
can be used as the top surface of the flow cell. Such surfaces could be treated with reagents confined in
virtual channels at well-defined interaction sites, such as the sine-shaped pattern displayed in Figure 6.2b.
Analogous to classical microchannels, virtual channels can be split to fractionate the flow of a reagent, as
shown in Figure 6.2c. The distribution of flow at the splitting point of a virtual channel can be adjusted to
match a desired ratio of fractionation.
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injection of dye 2 .
(c) splitting flow (f) areal flow

injection of liquid 1

injection of liquid 2

injection of liquid 3

Figure 6.2: Implementing basic microfluidic functionality with virtual channels. a) A virtual channel can be directed to a
certain position at the open boundary. b) Multiple inflection points can be generated to let the virtual channel pass
through specific regions of the flow cell. c) Stagnation points can be generated. A virtual channel that leads to stagnation
point is split. d) Circular virtual channels formed between apertures within the array.
e) Nested configuration of virtual channels enabling the co-flow of two different liquids. f) Generation of multiply nested
broad virtual channels.

By aspiration of liquid to an aperture, other channel shapes, e.g. circular virtual channels, can be created, as
shown in Figure 6.2d. In the displayed configuration, the flow of reagent is injected and aspirated at apertures
within the aperture array. Similarly, finite volumes of two different reagents could be aspirated into the mi-
crofluidic capillary linked to an aperture and be re-injected after enough time has passed for diffusive mixing
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of the two reagents. The channel configuration displayed in Figure 6.2e demonstrates co-flows of different
liquids to e.g. control the morphology of a reactive interface between two adjacent virtual channels. Figure
6.2f illustrates the formation of nested virtual channels which could be used to perform multiplexed, area
specific treatment of surfaces.

6.3.3 Dynamic flow patterns

Dynamic control can be realized by timed execution of a sequence of flow patterns known a priori or by the
real-time-adjustment of flow patterns based on feedback obtained from the experiment. The dynamic con-
trol of virtual channels enables a level of versatility, which is not attainable using fixed channels. By perform-
ing a cyclic sweeping-motion with a virtual channel (see Figure 6.3a), the effective exposure time of specific
regions of the top surface of the flow cell to a specific reagent can be defined independently. This enables
the generation of customized surface gradients, which are difficult to generate with methods that rely on
diffusive transport for the formation of gradients [164].

Dynamic flow patterns can further be employed to control the position of a single droplet of an immiscible
phase within a 2D flow cell. Figure 6.3b shows the directed motion of a water droplet in a flow cell filled with
FC-40 oil controlled solely by hydrodynamic drag. Since the flow remains laminar at flow rates up to five
orders of magnitude higher than described here, significant shear stress could be applied to droplets and we
anticipate droplets could also be split and merged using the described platform. The demonstrated array of
apertures would also be a well-suited vehicle to realize the simultaneous positioning of five and more parti-
cles, which has been theoretically described [74] and experimentally demonstrated for up to two particles,
so far [72].
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Figure 6.3: Temporal control of flow patterns. a) Sweeping motion of a virtual channel to e.g. locally control the inter-
action time of a reagent with the top confining surface. The false-coloring of the liquid in the virtual channel highlights
that each displayed configuration corresponds to a different phase @ of a cyclic sequence. b) In-plane positioning of a
single water droplet in an oil-filled flow cell. This illustration shows an overlay of photographs taken at intervals of 3 s.
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6.3.4 Surface assays through virtual channels

Surface assays are widely used across research, diagnostics and industry and play an important role in prote-
omics and cell biology, the diagnostic analysis of tissue sections and drug development. A prominent form of
surface assays are surface-based immunoassays. Established microfluidic implementations of surface immu-
noassays, mostly rely on mechanical contact between an open-top channel system and a target surface [14],
[15]. We here in contrast demonstrate a surface immunoassay using sequentially generated, crossing config-
urations of virtual channels (Figure 6.4a). This approach e.g. enables the screening of assay conditions, or
even the adaptive implementation of surface assays directly at specific locations of heterogeneous surface-
adherent samples without relying on mechanical contact to constrain the flow of reagents. We performed a
two-step immunoassay to detect a surface-bound model antigen, as illustrated in the inset in Figure 6.4a. We
injected a primary antibody into a virtual channel and let this channel persist in three different conformations
for three different incubation times. In a second step, we injected a secondary antibody into another virtual
channel, which we again kept in three different conformations for three different incubation times. The sec-
ondary antibody binds at the nine reaction sites, where the different conformations of the two sequentially
generated virtual channels cross. Figure 6.4b shows the resulting fluorescent signature of the reaction sites.
Figure 6.4c displays the mean brightness value of an area of 100 um? at the center of each reaction site. As
expected, the different incubation times with the primary and the secondary antibody result in characteristic
signal levels. While the dependence on the secondary antibody incubation time remains linear for reaction
sites a-f, saturation can be observed at sites g, h and i.
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Figure 6.4: Localized immuno-patterning. a) Nine individual reaction sites with specific incubation conditions are created
on the top glass slide by flowing primary Ab solution and secondary Ab solution through crossing configurations of
sequentially formed virtual channels. b) Fluorescent microscope image of the reaction sites. c) Mean signal intensities
at each reaction site.

Other relevant variants of surface assays focus on interactions with surface adherent cells, or cell block slices
and tissue sections. While some steps in the processing of such samples must be performed on the entire
sample surface, it is often desirable to perform selected steps on only a specific region to e.g. allow for
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multiplexing or more detailed analysis of specific regions [13], [26]. Here we demonstrate an exemplary work-
flow for processing a 5 um thick section of cultured human colon carcinoma cells attached to a microscope
glass slide (see Figure 6.5).
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Figure 6.5: Targeted sequential sample processing. Step 1&2: Lysis buffer is locally flown over a cell block slice adhering
to the top glass slide. Step 3: Global staining with hematoxylin. Step 4: Local exposure to alkalic or acidic buffer, to alter
the color of the hematoxylin stain.

Through confinement of different reagents in sequential configurations of virtual channels, the cell block
section was locally lysed (Figure 6.5 steps 1&2), globally stained (step 3) and then selectively exposed to
different pH-conditions (step 4).

These examples illustrate how crossing configurations of virtual channels allow to perform sequential assays
at any desired location of a biologically relevant surface to e.g. characterize antibody-antigen binding dynam-
ics, or how different morphologies of virtual channels allow to alternate between local and global interaction
to e.g. lyse and sample specific regions of a cell block or tissue section.

Following work on reactions between co-flowing liquids in classical channels [70], adjacent virtual channels
could further be used for controlling the position of reactive interfaces between liquids to e.g. form hydrogel-
walls at specific locations within a flow cell, as shown in Figure 6.8. The in-situ formation of by-design hydro-
gel structures e.g. offers interesting perspectives for the long-term treatment of cell colonies with specific
reagents.

6.3.5 Conclusion

We have presented a device and method to dynamically create and reconfigure liquid-walled virtual channels
within a flow cell (Figure 6.1a). Virtual channels have several advantages: they can be reconfigured on-the-
fly to match a user-defined configuration by means of simple analytical tools (Figure 6.1b) and can reproduce
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key microfluidic functions (Figure 6.2). Virtual channels therefore allow us to extend established microfluidic
protocols by e.g. localized sequential reactions (Figure 6.4), or by switching between global and local inter-
action with a surface adherent sample (Figure 6.5). The ability to program sequences of flow patterns further
enables the creation of surface gradients by sweeping motions of virtual channels, or the 2D-positioning of
droplets, bubbles or suspended objects solely by hydrodynamic drag (Figure 6.3). Virtual channels can be
created atop any flat substrate commonly used in the life sciences, such as Petri dishes, microscope glass
slides, plastic slides, or PDMS slabs and be used to interface with a wide range of surface adherent samples
(Figure 6.4 and Figure 6.5). The proposed approach can be geometrically scaled down by about two orders
of magnitude (limited by practical considerations), given that the depth h of the flow cell remains much
smaller than the spacing between apertures in the array to e.g. enable the handling of single suspended cells.

As with any technology, virtual channels have limitations to be considered depending on their application:
First, mass transport boundary conditions in virtual channels differ significantly from those in classical chan-
nels. While this is not a drawback per se, it certainly must be taken into consideration in specific cases. Sec-
ond, while classical microfluidic channels can be designed to have any shape commensurate with the chosen
method of fabrication, virtual channels cannot be tuned into any desired shape: e.g. creating meandering
flows with 180° turns is not possible. Applications requiring such motion of liquid could be potentially ad-
dressed by dynamic position control of finite volumes of reagents. Third, when liquids with significantly dif-
ferent viscosities are used, or when the viscosity of a liquid changes locally (e.g. due to the lysis of cells), the
controlled formation of virtual channels is challenging, as the above presented models do not reflect the
impact of heterogeneous viscosity. This limitation can be mitigated by increasing the viscosity of all applied
liquids (by e.g. adding glycerol) to match the maximum expected viscosity. Fourth, the presented method
requires a multi-channel flow control unit. As illustrated in Figure 6.7, such a system can be built from inex-
pensive standard components or be set up based on commercial multichannel flow control units.

We envision that the range of functionality of virtual channels could be further extended by implementing
microfluidic features on one of the confining surfaces of the flow cell, such as herringbone structures for
more efficient mixing of adjacent streams [168], constrictions for the capturing of dispersed droplets or cells
[169], or pillar arrays for size-based sorting of particles [170] or for the creation of specific cross-sectional
flow patterns [76]. As the flow cell is fully accessible from one side, the presented concept could further be
combined with external instrumentation, such as optical microscopes, optical tweezers, heating units, elec-
trodes, or magnets.

Even though the height of conventional samples, such as tissue sections (thickness in the range of 5um, do
not significantly impact the formation of virtual channels in a flow cell with a height of 100um, effects could
be observed for much more shallow flow cells. Using an inverse approach, deviations of flow patterns from
their original conformation could be used to characterize surface topographies. Further, we think it would be
highly interesting to employ above presented platform for the investigation of instabilities, i.e. droplet for-
mation of a second phase. Finally, we are convinced that it would be of high merit to combine above pre-
sented platform and methods with machine learning techniques to implement self-teaching control systems
for the confinement of non-Newtonian liquids, liquids with different viscosities.

To summarize, in this paper we have presented a concept for the dynamic formation of virtual microfluidic
channels, which are able to implement directed transport of minute volumes of liquid, as well as splitting,
merging and mixing of microfluidic flows in user-defined channel configurations. Through their dynamic na-
ture, virtual channels enable more interactive and adaptive experimentation, which could trigger novel
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microfluidic methodologies. The presented approach is conceptually simple and allows interfacing with a
wide range of standard sample and substrate formats, as well as with other instrumentation. We are con-
vinced that virtual channels have the potential to significantly foster the use of microfluidics in research and
in diagnostics across a wide range of applications.

6.4 Materials and Methods

6.4.1 Experimental section

Fabrication of the Microfluidic Device. The base plate featuring the apertures and the rectangular recess, as
well as the cover plate used for fixation of a microscope glass slide were made from a standard aluminum
alloy using conventional CNC fabrication techniques. The holder used for mounting the base plate, the mi-
croscope glass slide and the cover plate together was made using a fused deposition modelling 3D printer
(F370, Stratasys Inc., USA). The apertures were machined with a diameter of 0.3 mm in the top side of the
base plate and 1.4 mm on the backside of the base plate. We used ETFE capillaries with an inner diameter of
0.25 mm and an outer diameter of ~1.59 mm (#1529, Upchurch Scientific Inc., USA) to link each aperture
with a syringe pump of the syringe pump array setup (see Figure S2). Glass syringes (SyriQ, Schott AG, Ger-
many) were used in the syringe pumps, as plastic syringes, due to their deformability, introduced significant
lag times between the actuation of a syringe pump and the stabilization of the effected flow rate. To mount
and seal the capillaries with the base plate, we first mechanically stretched one end of a capillary to make it
thin enough to fit in the corresponding hole in the backside of the base plate, which has a slightly smaller
diameter than the unstretched capillary. Then we heated the base plate using a hot air gun while holding the
capillary in, whereupon the capillary re-expands and gets locked in place. After repeating this for all capillar-
ies, we cast epoxy glue (Araldite Rapid, Huntsman Corp., USA) on the backside of the base plate around all
capillaries to ensure proper sealing a good mechanical stability and linked each capillary to a syringe pump.

Visualization of virtual channels. In all experiments optical contrast between virtual channels and surround-
ing regions was provided by food dye (Trawosa AG, Switzerland) added to either the liquid injected in a virtual
channel, or to the surrounding buffer liquid. A Galaxy S7 cellphone (Samsung Electronics, South Korea)
mounted on a camera tripod was used for recording of images and videos of the microfluidic flow cell.

Positioning of immiscible droplet. For the 2D positioning of an aqueous droplet, the aluminum surfaces of
the base plate, as well as the inward-facing surface of the microscope glass slide were treated with tri-
chloro(1H,1H,2H,2H-perfluorooctyl)silane (#448931, Sigma-Aldrich, USA) and all syringes, capillaries and the
flow cell were filled with FC-40 oil (#F9755, Sigma-Aldrich, USA). Single aqueous droplets were generated by
liking an additional, water-filled syringe to the capillary linked to the injection aperture using a T-junction
(#P-632, Idex Corp., USA).

Surface immunoassay. Polylysine adhesion microscope slides (Thermo Fisher Scientific Inc., USA) were incu-
bated on-bench with 50 pg ml~1 I1gG from rabbit serum (#18140, Sigma-Aldrich, USA) in PBS (Dulbecco’s
phosphate buffered saline, Biowest SAS, France) for 1 h, then rinsed three times with PBS and then blocked
by incubation with 1% BSA (#A2958, Sigma-Aldrich, USA) in PBS. After blocking, the slide was washed another
three times with PBS and then mounted on the base plate, treated side facing downwards, to close the mi-
crofluidic flow cell. Before mounting the slide, all capillaries and the rectangular recess in the base plate were
pre-filled with PBS. For the creation of channels, PBS was injected at required flow rates from the corre-
sponding apertures. A small amount of food dye was added to all PBS solutions not containing antibodies, as
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degradation of antibodies was observed when the food dye was added to the antibody solution. Then, anti-
rabbit IgG produced in goat (#ab6702, Abcam PLC, UK) at a concentration of 25 pg ml~1 in PBS was flown
through a virtual channel in three different channel configurations for 1 min, 2 min and 3 min respectively.
Subsequently, anti-goat I1gG produced in donkey (#ab150129, Abcam PLC, UK) with a fluorescent label (Alexa
488) at a concentration of 25 ug ml~! in PBS was injected into another virtual channel in three different
configurations for 1 min, 2 min and 3 min, respectively. After these incubation steps, the flow cell was flushed
by the continued injection of PBS from the main injection aperture. The flow rate for the injection of reagents
was 1 L min~?! and the main injection flow rate was 150 pL min~! for all processing steps performed in the
microfluidic flow cell. After removal from the microfluidic setup, the glass slide was rinsed with DI water and
then dried. Imaging of the resulting fluorescent stain remaining at the reaction sites was performed with an
inverted microscope (TI-E, Nikon Corp., Japan), using a corresponding FITC-filter and a 4x objective for re-
cording images with a larger field of view (Figure 6.4b) and a 10x objective for measuring the mean fluores-
cent intensity at each reaction site (Figure 6.4c).

Processing of cell block sections. Before processing, the glass slide-supported formalin-fixed, paraffin-em-
bedded (FFPE) cell block sections (ASO-3036, Applied Stemcell Inc., USA) had to be de-waxed and rehydrated
by sequential incubation for 3 min in each of the following solutions: 100% Xylene, 50% Xylene 50% Ethanol,
100% Ethanol, 50% Ethanol, pure DI water. Then the recess of the base plate and the capillaries were pre-
filled with PBS (Dulbecco’s phosphate buffered saline, Biowest SAS, France) and the glass slide was mounted
to the base plate with the cell block slice facing downwards. A virtual channel crossing the cell block slice
from top left to bottom right was created and a lysis solution (PBS with 10% proteinase K and 0.5 % SDS) was
flown through this channel for 5 min. Then, the configuration of this channel was changed, so that it would
cross the cell block slice from bottom left to top right and the lysis solutions was flown through the channel
again for 5 min. As in this protocol, several reagents were to be applied in a sequence, we also injected
reagents from apertures in the aperture array, which were not used for the shaping of virtual channels in the
previously described steps. To reach the cell block slice with liquid injected from apertures lying closer to the
open boundary of the flow cell than the cell block slice itself, we inverted the flow at the main injection
aperture which was then used to aspirate liquid. With the overall flow direction being inverted, we created
one broad virtual channel to treat the entire cell block slice with Mayer’s hematoxylin solution (#MHS1,
Sigma-Aldrich, USA) for 7 min. In a final step, we created two tangential virtual channels, each covering about
one half of the cell block slice and flowed a 1 mM NaOH solution (pH 11) through one channel and DI water
(pH 6) through the other one. This turned the hematoxylin stain purple in the section of the cell block covered
by the alkaline liquid and red in the section covered by the acidic liquid.

Polymerization of hydrogel walls. To polymerize alginate walls at the interface between virtual channels, we
created a virtual channel containing 10% CaCl, nested inside another virtual channel containing a 0.25% so-
lution of sodium alginate (#A2033, Sigma-Aldrich, USA). We let the alginate polymerize at the interface be-
tween these two virtual channels for 10 s and then flushed the unpolymerized alginate solution and the CaCl,
out with water.

6.4.2 Analytical description of 2D flow patterns

At Reynolds numbers on the order of 5+ 1072, flow inside the flow cell is purely laminar and a streamline
pattern formed on e.g. the middle plane between the bottom and the top confining surface is also formed
on any other xy-plane. It is therefore enough to consider the 2D case of any xy-plane via complex potential
flow theory [64], [94]. The position of the m!" source on a corresponding complex plane is therefore given
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by a complex number ¢,;, = x,,, + - ¥, The complex potential {2,,, created by this source at any position
c=x+i-yis

DQu)=¢p+iyp = g—: “In(c — ¢p) (6.1)

The real part of the complex potential is the velocity potential ¢, whereas the complex part is the stream
function Y. The complex potential is created by a set of n sources and can be directly written as linear super-
position of the single contributions 2 = 2; + --- + £2,,. The complex flow velocity vector v(c) at a given po-
sition ¢ can be conveniently derived from the complex potential 2(c) by differentiation:

dn d < 0,
v(c) =ulc)+i-w(c) = dc(*C) == Z g—ﬂ ‘In(c —cy) (6.2)
m=1

Here, * denotes the complex conjugate and u and w are the velocity components along the real and the
imaginary axes, respectively.

We assume all lateral walls are far enough away from virtual channels, so that we can ignore friction at these
boundaries. We implement a no-flow, slip boundary condition at the walls and a zero-potential boundary
condition at the opening of the flow cell by the summation of mirrored, virtual counterparts of the sources
present in the system on the opposite sides of these boundaries. This is convenient as it only adds additional
source terms to be considered and does otherwise not complicate the analysis.

6.4.3 Reproduction of user designed flow patterns

To determine the parameters required to adapt a virtual channel to a spline defined by a user, this spline is
discretized at [ points in the complex plane. At the k" discretization point, the corresponding complex tan-
gent vector t(cy) = gy + i - hy to the spline is determined, with g, and h; being the vector components
along the real and the imaginary axes, respectively. A symbolic expression for the flow velocity vector at each
discretization point can be obtained, as discussed above. The complex cross product between the tangent
vector and the velocity vector returns an imaginary number, which is a measure for the area spanned by the
two. In case the flow pattern generated collectively by all sources in the flow cell perfectly matches the user
defined pattern, the tangent vector and the velocity vector at all discretization points are collinear and the
complex cross product is identical zero:

£ (ei) - B(er) — E(cr) - " (cie) _ 0 (6.3)
2

When inserting the expression for the velocity vector ¥(c) given above, one obtains a sum with n summands
h h

E(ck) X B(ex) =

in which the m*"* summand contains the source strength of the m"* source and a pre-factor a,,. Analog sum
terms can be written for each discretization point and all terms can be conveniently written in matrix from

by grouping the pre-factors in a coefficient matrix:

ayy e Qg 0, 0
N B I (6.4)
a;q o A Qn 0
To define a stagnation-point at a position ¢, an additional equation can be added to the above system, which

simply writes as
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d m
v(cy) = 5 z Q_n In(cy, —¢,) =0 (6.5)

With sufficiently fine discretization the number of discretization points is much larger than the number of
sources, i.e. [ > n, and above system is overdetermined. We solve for the individual source strengths
Q4 ... Q, by a performing a conventional least-squares fit. To provide a fix reference, we choose a convenient
injection flow rate for the injection from the main aperture and set this flow rate as the strength Q; of the
first source. As the system is linear and the physical main injection flow rate is used as the reference source
strength Q, the determined source strengths for the sources in the array can directly be set as flow rates at
the corresponding apertures. The described method of matching a user defined pattern using a single least-
squares fit was our method of choice, as it is straightforward to implement and provides satisfying perfor-
mance in matching basic patterns, such as single lines with multiple inflection points. To match more com-
plicated configurations such as virtual channels or multiple virtual channels, genetic algorithm might be bet-
ter suited to determine the required flow rate at each source.

6.4.4 Setup

r al

20 mm

—— cover plate

.

glass slide

ealing cord
base plate

reservoir

holder

waste container

Figure 6.6: Flow cell assembly for generation of reconfigurable flow patterns. The aluminum base plate featuring the
recess (which forms the lower part of the flow cell) and the apertures is mounted into a 3D printed holder. The holder
has threads to allow the fixation of the top cover plate and fixates the capillaries which are connected to the rear side
of the base plate. Further, a small reservoir at the open end of the flow cell ensures a homogeneous open boundary
condition by ensuring the open boundary of the flow cell remains submersed. A glass slide is clamped on top of the base
plate to close the flow cell by screwing a cover plate to the 3D printed holder. A sealing cord avoids leakage of liquid in
between the base plate and the glass slide.
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array of syringe pumps

controller

7T W7 WET vy ey "y

Figure 6.7: Array of syringe pumps for actuation of flow. In the described case, flow was actuated by an array of 18
syringe pumps, which were directly interfaced with the user interface for definition of flow patterns. Instructions to
build such systems are available in literature [171], [172]. We adapted a design provided by Dr. Bill Connelly (University
of Tasmania) due to its simplicity: http://www.billconnelly.net/?p=176 (last accessed: Apr. 08, 2019). We used three
Arduino Uno microcontroller prototyping boards, each equipped with three commercially available motor-control
shields, to control the 18 bipolar stepper motors. A standard PC power supply was used to power all components.

6.4.5 In-situ polymerization
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Figure 6.8: In-situ formation of alginate walls. After polymerization of an alginate wall at the interface between two
adjacent virtual channels (the inner one containing 10% CaCl2, the outer one 0.25% sodium alginate) for 10 s, the flow
cell was washed out with water. We then filled the flow cell with green food, which was subsequently flushed out with
clear water again. The food dye partially diffused into the polymerized alginate wall and made it visible. This or a similar
approach could be used to form in-situ semi-permeable walls in 2D flow cells for e.g. long-term cell studies. We think
that it would also be interesting to flow photo-polymerizable materials in or around virtual channels, to stop all flow to
suppress advection, and to then illuminate the entire flow cell to create specific microfluidic structure in analogy to
established 3D printing approaches.
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Chapter 7 Conclusions and outlook

This chapter summarizes work done as part of this dissertation and provides a perspective on po-
tential future research on this topic. This dissertation presents a scaling analysis of HFC-based liquid scanning
probes along the dimensions of 1.) efficiency in the use of reagents, 2.) area of interaction, 3.) time of inter-
action, and, 4.) degrees of freedom in flow control. Within the framework of this analysis, we demonstrated
the formation of a surface protein-array by recirculation of minute volumes of reagents, cm-scale IHC-analy-
sis of cancer tissue sections, leakage- and crash-safe operation of liquid scanning probes and the formation
of dynamic, channel like flow patterns on top of biological surfaces. Except from this latter package of work,
all demonstrated techniques represent a combination of one novel technique or method with the scanning
stage MFP platform (see Figure 7.1).

demonstrated applications applied devices and methods future use

platform-level

[cm-scale tissue analysis\

¢ scanning stage MFP 4 ™\
. robust and transferrable
« flow-cell with array of platform for

apertures \
point-wise, sequential

\ interaction with bio-interfaces
across length-scales

probe-level

in research and diagnostics
« slit- and array & J
probe heads

4 formation of bio-arrays )
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hip b simple approach to form
°on-chip bypass channel-like flow patterns for

A\ dynamic line- and area-wise
handling-level interaction with bio-interfaces
across length scales
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= erecirculation of reagents
o _J
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Figure 7.1: Developments presented herein and potential next steps. This dissertation discusses novel concepts to be
used with liquid scanning probes and which are introduced on either the platform-level, the probe-level or the liquid
handling-level. In this work, these concepts have been demonstrated alone, or exemplarily integrated in the MFP. In a
next step, these single techniques should be integrated to allow their combined use, as well as their use with other
platforms.

Beyond the experimental demonstrations presented in this thesis, the developed devices and methods are
now available as “modules”, which can be grouped and applied in combination, to ideally configure the MFP
platform and other HFC-based liquid scanning probes for optimal performance in a specific bio-analytic or
diagnostic application. The presented solutions therefore are critical elements in the transfer of related

99



Conclusions and outlook

techniques to relevant applications. It would be a logical next step to combine the flow-cell platform devel-
oped for the formation of virtual channels with the method of recirculating minute volumes of reagents.

Alongside working on above discussed aspects, | contributed to the prototyping of a standardized MFP sys-
tem (see Figure 7.2). | have used several prototype generations in my experimental work shown in this thesis,
which both greatly facilitated my experimental workflows and helped to improve the subsequent generations
of the prototype system.

XYZ scanning unit flow controller

[
i
"
>
7]
o
L
) reagent reservoirs
microscope stage
flow unit with flow sensors
and valves
motorized linear unit:
Y X Z
x=
c
S goniometer
o
c
E base plate
©
O
7))
N
> adjustment screw
> scanning arm

glass slides substrate carrier

MFP head holder

Figure 7.2 Integrated MFP system. Top: Rendering of a CAD model of the most recent MFP system prototype. The mi-
croscope, as well as fluidic and electrical connections to the flow controller are not displayed for simplicity. Bottom: The
scanning unit comprises a holder for the probe head (horizontal probe head in the displayed version), which is attached
to a goniometer for levelling and can be moved along the z-axis, and a sample holder, which can be scanned in the xy-
plane. (renderings by Robert Lovchik)

The prototype system consists of three main units:

e The scanning unit, which allows to mount, level and connect a probe head and to scan it relative to
a sample (the probe head is moved only in z and remains aligned to the optical axis of the microscope,
the sample is moved in x and y).

e The flow unit, which comprises eight flow sensors and four solenoid valves for flow monitoring and
routing of flows and a holder for up to eight reagent reservoirs.
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e The flow controller, which consists of two 4-channel pressure controllers for controlling the pressure
in the reagent reservoirs and electronics for system-level control and communication.

While the flow controller is designed as a bench-top unit, which can be placed behind the microscope, the
scanning unit and the flow unit are designed to be used directly on a modified stage of a Nikon Tl inverted
microscope, as the probe head needs to be aligned with the optical axis of the microscope and the liquid flow
paths between the reservoirs and the sample should be as short as possible. The system can control the
pressure in the reagent reservoirs either in an open-loop mode, or in closed-loop mode, when using the
measured flow rates as feed-back signals. We further developed a custom software interface, which enables
the integrated control and script-based operation of all system components.

Main components of the system are the scanning stages (Zaber Technologies Inc., Canada), the solenoid
valves (Asco Numatics GmbH, Germany), the flow sensors (Sensirion AG, Switzerland) and the pressure con-
trollers (Fluigent SA, France).

My main contributions to the above system include considerations on the general mechanical design and
architecture, as well as selecting the OEM components of the platform, the design and fabrication of custom
electronic components of the flow controller, the conceptualization of the control software, as well as as-
sembly and testing work.

7.1 Summary of results
Efficient biopatterning via recirculation of reagents:

*  We implemented a method to enable recirculation of sub-microliter volumes of a processing liquid
within the probe head.

¢ We established analytical models to understand the dominating factors in the deposition (deposition
of what and where) process.

*  We implemented a pressure-based approach for flow control to achieve sub-second switching of the
flow direction while minimally perturbing the HFC.

* We demonstrated the patterning of 170 spots of IgG molecules by recirculation of 1.66 pL of pro-
cessing liquid.

e The recirculation of the processing liquid reduced the consumption of reagents by a factor of 10
compared to deposition with the MFP without recirculation.

¢ Due highly controlled incubation conditions in a wet environment, a high deposition quality with an
inter-spot variability of below 6% was achieved on conventional polystyrene surfaces.

* We demonstrated a first proof-of-concept towards the quantitative detection of IgG molecules in
sub-microliter volumes of samples.

Cm-scale interactions using slit-aperture and aperture array probe heads and rapid pIHC:
* We developed design guidelines and scaling laws for slit aperture probe heads and aperture array

probe heads through numerical simulations and experimental validation.
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e Using slit-aperture probe heads forming an HFC with a width of 1.2mm, we incubated single cores
(breast cancer tissue, diameter of 2mm) of a tissue microarray with a primary antibody solution
within 2.5min, compared to an incubation time of 30min or more required in conventional methods.

* We introduced the concept of stabilization apertures to suppress cross-talk in arrays of HFCs, which
we demonstrated for up to eight parallel HFCs. We used the approach for the 4-plex IHC analysis of
tissue sections.

¢ We facilitated the mm-scale implementation of sequential protocols by introducing novel horizontal
probe heads. We demonstrated the concept by implementing three core steps of an IHC analysis
routine.

*  We developed rapid pIHC to enable fast and spot-wise immunohistochemical analysis of histological
samples. Rapid pIHC allows to systematically test different combinations of reaction times with the
same sample to determine the combination of diagnostic analysis parameters which results in the
best trade-off between signal level, contrast and processing time.

* Inthis work we used both vertical and horizontal probe heads. Each type of probe heads has its own
advantages and is therefore suited for different experimental requirements. Comparing vertical and
horizontal probe heads, advantages of vertical probe heads are:

e Simple fabrication (2 etch steps, robust dies)
¢ Simple interfacing
e Simple alignment to sample

Advantages of horizontal heads are:

e Large degree of freedom in the design of apertures (radial HFCs, mm-scale HFCs)
e Eight times higher yield per wafer (more dies per wafer)

Bypass structures for a robust operation of liquid scanning probes:

* We introduced a simple design element, a bypass channel, which allowed improve the operational
robustness of any liquid scanning probe relying on re-aspiration of liquid.

¢ When filled with liquid, the bypass channel acts as a resistive element and passively reacts to the
obstruction of channels by re-routing the flow of reagent to avoid spills. Experimental verification
shows that the concept is robust against full obstruction of either or both apertures in a conventional
probe head.

¢ Whenfilled with gas, the bypass channel acts as a capacitive element and introduces a phase shift in
the transduction of pressure pulses from the injection channel to the aspiration channel. The phase
shift and the gap distance can be assessed by optical tracking of the motion of the gas-liquid inter-
faces in the bypass channel. Experimental results show that the gap distance can be measured for
distances between 5um and 25um with drastically increasing signal for low gap distances (maximum
observed shift 0.35 rad or 20.1°).
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¢ We developed an analytical model based on nodal voltage analysis (in analogy to electric circuit anal-
ysis) to fully understand the working mechanism of proposed solutions and to enable their targeted
transfer to specific applications.

Real-time shaping of microfluidic virtual channels:

e Based on an analytical potential flow model, we developed the concept of forming hydrodynamically
confined microfluidic flow patterns resembling the morphology and functionality of classical micro-
fluidic channels.

e Wedeveloped a demonstrator setup consisting of 1.) a flow cell comprising an 18x array of apertures,
which can be directly interfaced with conventional microscope glass slides, 2.) a low-cost multi-chan-
nel flow control system with corresponding electronics and firmware and 3.) a design and control
software with graphical user interface.

e The established system allows a user to graphically define a desired channel configuration. The soft-
ware, based on the analytical model then proposes the experimentally viable solution, which is clos-
est to the user input. Upon confirmation of the user, the corresponding channel pattern is then es-
tablished in about 20s.

*  We demonstrated classical microfluidic functionality such as re-routing, splitting merging and mixing
of microfluidic flows.

e The established system also enables the implementation of dynamic functions, such as sweeping
motions of virtual channels, or the position control of suspended objects.

e Diffusive broadening of virtual channels can be actively countered by additional injection of buffer
liquid from the array of apertures to compress the forms flow pattern. This allows for the formation
of virtual channels with equal width.

* We demonstrated the versatility of virtual channel by using crossing configurations of virtual chan-
nels to implement a sequential immunoassay and by implementing a lysis protocol on a cell block
section, which involves local interaction in some steps and global interactions in others.

7.2 Future directions

Efficient biopatterning via recirculation of reagents:

e Beyond delivering a reagent to an immersed surface, it would be useful to develop a method for
recirculation of a processing liquid to retrieve a sample form a surface, e.g. cell lysate, to enrich the
sample content in the recirculated volume over time, or to combine samples collected from different
locations.

e It would be useful to develop an “reverse immunoassay”: By recirculating a volume of sample over
several corresponding detection zones for different incubation times, the deposited amounts of sam-
ple allow to compute the sample concentration, given the reaction kinetics are known (and vice
versa).
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cm-scale interactions using slit-aperture and aperture array probe heads:

e Slit-aperture probes and aperture-array probes could be used for the creation of localized gradients
on a surface. Using a slit-aperture design, gradients can be created by supplying different liquids to
the injection aperture through independent channels. Probes with aperture-array designs allow the
creation of discrete gradients by scanning parallel HFCs over a substrate at an inclined angle (rotation
around Z-axis) to enable an overlap between the areas processed with separate HFCs.

e The discussed aperture designs could be implemented in other types of probe heads, which could be
3D-printed or be made by multi-layer lamination of plastic sheets as COC. This would allow the fab-
rication of probe heads with a large-area apex and mme-scale distance between the injection and
aspiration apertures, improving the efficiency in the usage of reagents.

e 3D-printed or multilayer probe heads could be also used to combine the concept of slit-apertures or
aperture arrays with the recirculation of processing liquids, which requires additional apertures in
the direction of the main axis of flow.

Bypass structures for a robust operation of liquid scanning probes

e Monitoring the gap distance in ac mode could be further improved by adding hydrophobic patches to
the coupling cavity, to suppress its resistive behavior.

e Ahigher resolution in tracking the motion of the gas-liquid interfaces in the capacitive bypass by means
of e.g. electrode arrays or optical line sensors would increase the range of operation in terms of gap
distance and modulation frequency.

e Additional capacitive and resistive flow-path elements could be added to obtain e.g. local extrema of
the phase transfer function at specific gap distances, greatly facilitating gap distance control and mon-
itoring in more standardized systems.

e Tosimultaneously benefit from the characteristics of a resistive and a capacitive bypass, the dc and the
ac functionality could be combined. This would ensure leakage free operation and enable a constant
monitoring of the gap distance: the differential pressure building up due to an obstruction could be
employed to displace the gas in the coupling cavity and open a resistive flow-path for internal bypassing
of the processing liquid in the case of severe obstructions. The action of such a design element would
be fully reversible and repeatable, as the gas volume would move back to its original position and close
the bypass flow path for the processing liquid upon normalization of the differential pressure levels.

* It would be interesting to further develop the idea of using gas-liquid interfaces in tapered structures
as indicator elements for pressure differences at the single Pa-level.

Real-time shaping of microfluidic virtual channels

As the concept of forming virtual channels is rather generic, we think of numerous avenues where this con-
cept can be applied, some examples are listed below:

* We have demonstrated virtual channel at widths around 500um. A logical next step would be do
significantly downscale the channel width by means of using microfabricated apertures and by
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downscaling the overall dimension of the aperture array to enable micro-sale flow control along the
lateral dimensions.

We think the functionality of the demonstrated experimental could be augmented through the com-
bination with established microfluidic features, which could be implemented on the top or bottom
confining surface of our flow cell. Structures, such as herringbone-shaped grooves [168] would allow
to switch on or off the mixing between to streams by directing co-flowing liquids across correspond-
ing structures or not. Similarly, specific retention-, collection- or detection-sites could be addressed
on demand.

Pairs of microfluidic apertures can be used to form doublets (pairs of sources and sinks of equal
strength), whose outer flow field resembles to the flow around a cylinder. Hence, an array of dou-
blets could be used an array of posts, to implement sorting of particles based on deterministic lateral
displacement (DLD [170]). The advantage of such a virtual pillar array would be that critical design
parameters of the pillar array could be modified in real-time to optimize the sorting process.

The Stokes trap has been used to simultaneously manipulate the position of two suspended objects
[72]. Analytical models of corresponding flow-cells with lateral apertures for flow control predict that
up to N = 6 particles could be controlled in parallel [74]. More degrees of freedom (dF) and thus
apertures are required to control more particles, following dF = N + 1. This limits the maximum
number of particles that can be controlled, because the “zone” of influence of a specific aperture
decreases with the spacing between apertures. We anticipate that this constraint can be relaxed,
and higher numbers of particles can be simultaneously controlled, by distributing apertures on the
top and bottom walls instead just on lateral walls of corresponding flow cells.

Using an inverse approach, deviations of flow patterns from their original conformation could be
used to characterize surface topographies.

Presented platform and methods could be combined with machine learning techniques to implement
self-teaching control systems for the confinement of non-Newtonian liquids, liquids with different
viscosities.
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