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Abstract

Efforts towards the recapitulation of in-vivo systems in vitro remains a key goal of biological
sciences. Microfluidic developments have the potential to revolutionise biology assays by
providing better spatial and temporal control of cellular microenvironments. To this end, a wide
range of microfluidic platforms have been proposed in literature to generate more biologically
relevant and advanced cell-based models for drug discovery. However, less than 10% of
microfluidics articles have authorship outside of core engineering or related disciplines, even
fewer in pure biological sciences journals where traditional methods remain unchanged for
decades. There are many reasons for this; some relevant ones to this thesis include the
biocompatibility of the materials used to fabricate microfluidic platforms, poor ability to
fabricate microenvironments on-demand and the inaccessibility of cells behind solid walls. Our
group has led the development of a new microfluidics approach to overcome many existing
limitations by forming microenvironments inside standard Petri dishes and confining them
using ‘fluid walls’ (interfaces between immiscible liquids) rather than solid ones. This allows
the microfluidic environments to be naturally biocompatible, easy to fabricate, integrated into
traditional biology workflows, and cells are accessible everywhere simply by piercing through
the bounding fluid interface. In addition, the method enables the microenvironments to be
reshaped as fluid walls can be destroyed and rebuilt at will without harming the cultured cells.

The innovative fluid-walled technology also introduces an innovative engineering
challenge: during flows, fluid walls shape is dependent on pressure and can morph in
response to pressure changes. This thesis characterises properties of such morphing
microenvironments to derive semi-analytical models predicting flows through them. The
developed models are applied, with biology collaborators, to design, fabricate, and operate
microfluidic environments to study neuronal interactions between different compartments of
the human brain. As a whole, this work broadens the applications possible with microfluidics
and provides an extended analytical basis to support wider adoption of the technology by

providing accessible design and operational solutions to biologists.
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Chapter 1: Introduction

Human organs are highly organised structures where multiple cellular populations are
connected following a well-defined hierarchy. Current in-vitro studies have shortcomings trying
to model such structures, as biological cultures usually consist of single populations of cells
growing inside polystyrene Petri dishes where in-vivo conditions can hardly be recreated.
These methods provide controllable environments that allows biologists to outline fundamental
biological processes at the cellular level, but they are now of difficult applications to replicate
organ-specific structural organization (Huh et al., 2013).

Disadvantages of traditional in-vitro models induced collaborations between biologists and
engineers, who adapted microfabrication methods from the electronic industry (Whitesides,
2006) to generate innovative bio-engineered microenvironments where cells can grow.
Microfluidics has introduced promising benefits in the biomedical sciences. These benefits
include reagents and cost savings, alongside with novel methods to culture cells (Bhatia &
Ingber, 2014). In particular, compared to traditional dishes, microfluidic environments have
enabled to replicate biological conditions in vitro that more closely resemble the native ones
in vivo (Battat et al., 2022).

Nevertheless, microfluidics has been struggling to replace conventional cell cultures which
are still mostly used by biologists. Reason for this is that microfabricated environments have
biocompatibility and operational concerns that prevent their usage to be widely employed
(Sackmann et al., 2014). Namely, microfluidic devices are made of solid plastics (usually
polydimethylsiloxane, PDMS) (E. Berthier et al., 2012) that completely bury cells behind
inaccessible solid walls; requiring bio-scientists to change their well-established culturing
protocols. Additionally, PDMS walls are normally tightly bonded over microscopy glass slides
and cannot be easily removed nor reshaped, reducing the versatility of the technology.

To overcome many of these issues, a new microfluidic field, called ‘open microfluidics’,
emerged (Zhang et al., 2021). In this new field, aqueous micro-circuits are fully or partially

bounded by liquid interfaces (either with air or other immiscible fluids) acting as confining walls



held in place by interfacial tensions; therefore, samples become accessible (C. Li et al., 2020;
Walsh et al., 2017; Yu et al., 2019). Recently, an innovative branch of open microfluidics,
called ‘fluid-walled microfluidics’ (Deroy, Nebuloni, et al., 2021; Walsh et al., 2017), enabled
creation of aqueous circuits sitting inside standard polystyrene Petri dishes under an overlay
of an immiscible oil (typically a bio-inert fluorocarbon, FC40) to prevent evaporation. This
technology enables users to create microfluidic environments in minutes using only cell-
growth media and Petri dishes already used for decades by biologists. This characteristic is
crucial as it enables fluid-walled microfluidics to be seamlessly integrated into well-established
biological protocols. Compared to other technologies, it solely requires usage of tools and
consumables that are already present in any biological laboratory. Additionally, the absence
of solid plastic walls (other than the polystyrene floor) allows direct access to samples/cells at
every location in the microenvironment by simply piercing a pipette tip through the fluid walls
that re-seal once the pipette is removed. Uniquely, fluid walls can be destroyed and re-formed
at any time and hence providing the potential to introduce spatiotemporal studies which is not
possible with any other microfluidic approach. In conclusion, fluid-walled microfluidics exploits
benefits of miniaturization of cell cultures while preserving almost unaltered the biosciences’
experimental workflows. Alongside all benefits, fluid nature of bounding walls introduces
innovative challenges that are not present in standard PDMS devices; unlike solid ones, fluid
walls morph in response to pressure changes complicating the modelling of fluid dynamics.

In the last few vyears, fluid-walled microfluidics showed the relevance of these
characteristics in biological applications ranging from single-cell cloning (Soitu et al., 2018,
2019) to chemotactic studies on macrophages (Deroy, Rumianek, et al., 2022) and bacteria
(Oliveira et al., 2022).

This thesis aims to advance the technology and focusses on modelling fluid walls during
flow and developing a simple functional unit of a human organ, i.e., the brain. It begins by
analysing the formation of stable concentration gradients of molecules diffusing across laminar
streams, then it models an automatic pumping system that exploits the intrinsic pressure
across fluid walls to drive the flow. Finally, it proposes a fluid-walled microenvironment that

9



mimics the fundamental unidirectional connectivity between cortex and striatum, opening this

new technology to the ‘roaring’ field of Organs on Chip.

Objectives

The objectives of this thesis are:

1. Derive and validate a mathematical model to predict diffusion of solutes across laminar

stream flowing in conduits bounded by fluid walls.

2. Derive and validate a mathematical model that predicts the passive flow in fluid-walled

conduits driven by Laplace pressure between a source and sink in a transient manner.

3. Design a fluid-walled microenvironment amenable to mimic human brain connections

in vitro.

4. Design and implement an assay to induce unidirectional growth of axons to model the

cortex-striatum circuit of the brain.

5. Develop a method to sever axons growing in fluid-walled microenvironments to study

axonal damage and healing.

This thesis comprises a total of 8 chapters initially introducing state-of-the-art of the field
and fluid-walled microfluidics, then addressing the listed objectives, and finally discussing the
work outlined and future developments.

Chapter 2 undertake a brief literature review. It starts by describing the origins of
microfluidics outlining some of the main applications in the field of precision medicine. Finally,
current limitations and emerging technologies are discussed from the perspective of the core
topic of this thesis — microfluidics with fluid walls.

Chapter 3 introduces key concepts of fluid-walled microenvironments defining parameters
and equations that will be used throughout this thesis. First, it presents geometry and
properties of sessile drops and conduits. Then, it introduces equations that describe pressure

shape of fluid walls during laminar flows through a straight conduit.
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Chapter 4, submitted to Microsystem and Nanoengineering and currently under revision,
presents a mathematical model to accurately predict flow and concentration gradients of
solutes across parallel laminar streams flowing through a conduit with fluid walls. Such models
are experimentally validated using a fluorescent tracer and found to provide excellent
agreement with the developed analytical models. Main aim of this chapter is to provide an ‘a
priori” method of predicting gradients through fluid-walled microenvironments that shall
otherwise be measured case-by-case.

Chapter 5 is the publication in Journal of Fluid Mechanics. It proposes a method for passive
pumping of liquids through fluid-walled circuits that exploits the intrinsic Laplace pressure
across liquid interfaces (fluid walls) to drive the flow. The analysis is restricted to a simple
circuit where a single drop (source) is connected to a large sink by a straight conduit. A novel
equation describing volume variation of the source drop over time is presented and validated
experimentally. The aim here is to provide a simple analytical solution that allows future users
for quick estimation of perfusion, hence feeding, time in their cell culture and design their
microenvironments accordingly.

Chapter 6, submitted to Lab on a Chip and currently under revision, presents a fluid-walled
microfluidic design able to induce directional outgrowth of axons between different neuronal
populations. Two chambers, hosting cell bodies and dendrites, are connected by a thin conduit
where only axons can grow. Such design proved to recreate the cortico-striatal circuit of the
brain, where the cortex unidirectionally contact the striatum. Moreover, it introduces an
innovative method to damage axons growing in the conduit using a hydro-jet. Severed axons
are then exposed to different chemical gradients to compare regrowth.

Chapter 7 discusses the thesis in its entirety linking the result chapters while highlighting
main advantages and limitations.

Chapter 8 is the final in this thesis. It concludes on the objectives listed above and proposes

future developments.
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Chapter 2: Literature review

Origins of microfluidics

The term “microfluidics” encompasses both the science and the technology that enable the
control and manipulation of small volumes of fluids (10 to 10-'2 litres) confined within sub
millimetric environments. The first microfluidic observation was done by Felix Savart (1833),
who noted that cylindrical microjets can always be divided in two segments: an “upper
continuous” and a “lower troubled” section consisting of aligned separate droplets. (Figure
1A). Nearly half a century later, Lord John William Strutt of Rayleigh (1879) explained the
theory behind this observation. He argued that a falling continuous capillary jet tends to
separate into discrete droplets to minimize surface area as surface tensions dominates over

inertial behaviours.
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TRANSDUCER CHANGES
LENGTH AT 100-ke RATE
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Figure 1. Origin of microfluidics.

(A) An ‘upper continuous’ cylindrical jet breaking up in a ‘lower troubled’ line of droplets.

(B) Schematic of Inkjet printing method proposed by Sweet in 1965. Sweet displaced drops falling
through an electric field and controlled deflections to patterned droplet contact on substrates.

(Images from R.G.Sweet ‘High Frequency Recording with Electrostatically Deflected Ink Jets’ 1965).
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Richard G. Sweet (1965) exploited such properties of microjets to prototype the first ink-jet
printer (Figure 1B). He proposed a high speed oscillograph able to “produce instantly visible,
high frequency records with inexpensive writing materials” (i.e. print on paper). Sweet’s
oscillograph was the ancestor of the first commercial inkjet printer designed by Ichiro Endo at
Canon in 1977.

Inkjet printheads are considered as the first microfluidic devices, and they allowed the
development of Micro Electro Mechanical Systems (MEMS) by the 1980’s. Initially, MEMS
were mainly employed as probes or pumps, and they were often fabricated with glass or silicon
using microfabrication processes adapted from computer chip industry (Huh et al., 2013;
Whitesides, 2006). Soon after, Rohr et al. (1991) thought of employing MEMS into the
biomedical field. They demonstrated the ability to pattern the growth of ventricular myocytes
of neonatal rats in strands of different sizes on top of simple glass coverslips previously
modified with photolithographic techniques (Figure 2A). This work highlighted how cell culture
environments could significantly influence cell behaviour in vitro, with different cellular

organizations and impulses observed in strands of varying widths.

@ CLEANING
—

‘GLASS COVERSLIP DEPOSITION OF

s
EXPOSURE TO
PHOTORESIST DESIRED PATTERN

1 DEVELOPMENT

ATTACHED CELLS ) @
INCUBATION WITH GLASS / PHOTORESIST
GELL PATTERN DISSOCIATED CELLS PATTERN

REMOVAL OF UN- STERILIZATION

Figure 2. First microfluidic devices.

(A) Fabrication of a patterned cell culture on a glass coverslip proposed by Rohr et al. in 1991.
Depending on the width of the channels, myocytes strands showed different cellular organization that
led to differences in impulse propagation along bundles. (Image from Rohr et al. ‘Patterned growth of
neonatal rat heart cells in culture. Morphological and electrophysiological characterization” Circulation
Research.” 1991).

(B) Top view of an integrated microfluidic chip made with PDMS (Image from G. Whitesides ‘The origins
and the future of microfluidics’ 2006).
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More recently, the replacement of glass and silicon, which posed fabrication challenges,
with polydimethylsiloxane (PDMS) eased the creation of micro and nano features due to its
thermosetting properties (Mata et al., 2005). This advancement accelerated the adoption of
integrated devices where a wide range of biological/chemical operations can be performed
simultaneously onto single devices as small as computer chips (Figure 2B) (Kim et al., 2012;
Whitesides, 2006). At such a small scale, gravitational effects are negligible compared to
interfacial forces, and flows are typically laminar, a regime where viscosity-related effects
dominate over inertial ones, resulting in more predictable fluid behavior (E. Berthier & Beebe,
2014; Zhou & Papautsky, 2013). Additionally, microfluidic chips benefit from (i) reduced costs,
(i) increased sensitivity, (iii) smaller volumes, and (iv) high processing speed. In general,
miniaturization implies short transport distances, enhancing the efficiency of mass and energy
transfer. These characteristics, combined with PDMS's optical transparency and gas
permeability, made microfluidics conceptually suitable for high-throughput engineered cell

culture (Battat et al., 2022).

Engineered cell cultures and their relevance

Developing new drugs or drug delivery systems involves coordinated study of several
variables. These include precise analysis of toxicity, cellular internalization, molecular binding,
and many others. Despite the extremely strict approval processes and the decreasing number
of new drugs annually approved, the occurrence of severe adverse drug events remains
significant. Just in the United States it has been estimated that severe adverse events
requiring emergency department visits occurred to 4 out of 1,000 patients in 2013-2014
(Shehab et al., 2016). This unveils big lacunae in the approval protocols that suffer
understanding of important biological/molecular mechanisms and lack predicting off-target
organ failures. To overcome some of these issues, the concept of precision medicine where
medical treatments are tailored for each patient began to rise in the early 2000s (Friedman et

al., 2015). However, since its conceptualization, precision medicine has encountered
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numerous obstacles, among which, the lack of technological solutions is the most relevant to
the topic of this thesis. Patient-specific treatments requires sensitive but inexpensive platforms
where individual responses to different drugs can be tested. A recent review (Ayuso et al.,
2022) claims traditional Petri dish-based assays overlook the complexity of native tissues and
neglect functional assays defined as “tests that quantify the behaviour of cells to directly
evaluate treatment response”. In this context, the same authors envision microfluidics as a
versatile tool to generate innovative platforms where such assays can be performed.
Therefore, the development of engineered in-vitro solutions enabling to fill existing gaps
becomes crucial (Esch et al., 2015; Ferrari et al., 2023; Ferrari & Rasponi, 2021; Low et al.,
2021; Mastrangeli et al., 2019).

In this scenario, Viravaidya et al. (2004) developed one of the first platforms to recreate
simplified models of functional human organs where different cell types, each representing a
different organ, were interconnected. Their platform consisted of four compartments (“lung”,
“liver”, “other tissue”, and “fat”) and it was applied to probe the naphthalene systemic toxicity
(Figure 3A). Since then, a wide range of organ-specific cultures have been developed, like
heart (Marsano et al., 2016), liver (Carraro et al., 2008; Lee et al., 2007), gut (Kimura et al.,
2008; Mahler et al., 2009), brain (Harris & Shuler, 2003), blood vessel (Song et al., 2004), lung
(Huh et al., 2007), muscle (Lam et al., 2009), bone (Jang et al., 2008), and kidney (Jang &
Suh, 2010). Some of these cultures have also been integrated with electro-mechanical
actuators to provide physiological stimulations. Huh et al. (2010) proposed a Lung-on-Chip in
which epithelial and endothelial cells are attached on both sides of a membrane that can be
stretched to mimic respiratory dynamics (Figure 3B). Over the years, microfluidic platforms
showed their capability to recapitulate simplified in-vivo functionality in vitro. The micrometric
scale and consequent reduced operational costs make them a fit candidate to be employed
for testing of patient-specific treatments. Such setups can range from simple models where
patient-derived cells are cultured in 2D monolayers to highly complex and three-dimensional
ones. Nevertheless, microfluidic devices still must face important challenges before being

widely used in precision medicine. Main challenges revolve around their ability to be integrated
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into biological/clinical workflows that are well established and remained almost unchanged for

several decades.

Gas
Exchange

Lun

Side chambers

Liver

Other Tissues PY

Vacuum

Out

Figure 3. Organ-specific microfluidic platforms.

Vacuum

(A) Schematic of the platform proposed by Shuler et al in 2004. Naphthalene systemic toxicity has been
studied after inhalation and after being processed by the liver. (Image from Viravaidya et al.
‘Development of a microscale cell culture analog to probe naphthalene toxicity’ 2004).

(B) Example of an engineered culture integrated with mechanical actuators. When the vacuum is
created within side chambers the flexible PDMS thin walls are bent and the membrane between them

is stretched. (Image from Huh et al. ‘Reconstituting Organ-Level Lung Functions on a Chip’ 2010).

Open Microfluidics

Although microfluidic cultures have demonstrated unprecedent advancements, adoption in
biology and clinical research is negligible compared to initial expectations. Evidence of this
can be found observing the number of microfluidic-related papers published every year in
biology and medicine journals. Sackmann at al. (2014) conducted an analysis during the first
decade of the 21st century and found that approximately 85% of microfluidic papers are
published in engineering journals, with less than 10% appearing in biomedical-focussed
publications. Several factors contribute to this challenge. One suggested reason for this issue
relates to the incompatibility between the materials used in constructing microfluidic devices
and cell cultures, as well as established biological protocols (E. Berthier et al., 2012).

Engineers developed complex and efficient platforms in which micro channels are confined
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between PDMS walls, and flow is driven by syringe pumps. Biologists, instead, work with fully
open polystyrene dishes and move liquids with pipets. Another potential reason for the limited
adoption in biomedicine is that microfluidics offers incremental enhancements to biological

assays without having yet found a ‘killer application’ (Sackmann et al., 2014).

——— Microfluidics in engineering journals ~1.200
——— Microfluidics in multidisciplinary journals ’
Microfluidics in biology and medicine journals

Number of publications
suoieolgnd Jo Jequuinp

Figure 4. Microfluidic papers per year published in different fields’ journals
Although the number of papers regarding microfluidics rocketed in the ten-year period in analysis, they
remained confined just among engineers. (From Sackmann et al. ‘The present and future role of

microfluidics in biomedical research’ 2014).

Open microfluidics overcomes some of these issues. It exploits fluid characteristics at
reduced scales, and density or viscosity mismatches to generate multiphase fluid systems just
partially bounded by solid walls (Casavant et al., 2013; Yu et al., 2019; Zhang et al., 2021). In
particular, ‘fluid-walled microfluidics’, introduced by Walsh and his group (Deroy, Nebuloni, et
al., 2021; Walsh et al., 2017) is raising significant interest because of its augmented
biocompatibility (Soitu et al., 2018),versatility and ease of use (Soitu et al., 2019). Microfluidic
devices can be fabricated within minutes using only cell-friendly materials such as Petri Dishes
and tissue culture media (Soitu et al., 2020). Media is freely patterned into polystyrene dishes
and overlaid with an immiscible and bioinert fluorocarbon (FC40) to prevent evaporation; then,

the user has open access from above, and patterns can be easily reconfigured (Figure 5).
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Figure 5. Fluid-walled microfluidics.
Microenvironments fabricated on polystyrene dishes; each chamber is separated from others by
immiscible fluid walls. The absence of solid walls allows direct filling of chambers and easy

reconfiguration. (Images from Soitu et al. ‘Raising fluid walls around living cells’ 2019).
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Chapter 3: A primer on fluid-walled microfluidics

Microenvironments bounded by fluid walls have some boundaries that morph as a
consequence of Laplace and hydrostatic pressure changes. The geometry of such interfaces
impacts the behaviour of fluid-walled circuits, making it important from both fabrication and
operational perspectives. This chapter introduces key parameters and equations which we
use as foundation for the model derived in this thesis. It starts from the simplest fluid-walled
environments, sessile drops, to end describing the shape of fluid walls of a conduit during

steady flows.

Sessile drops

The shape of the drop sitting on a flat plane depends on the balance between gravitational
and interfacial forces. When interfacial forces dominate, a sessile drop is a perfect cap of a
sphere and its geometry is analytically defined, whereas presence of gravity (or buoyancy)
distort its spherical shape and geometry can be only defined by complex numerical

interpolations. The transition between the two conditions is described by the capillary length

_ [
v (1)

where y is the interfacial tension, g the gravitational constant, and Ap the density difference

Aet

between the drop and the surrounding fluid. Capillary length defines the maximum size of a
sessile drop to not be affected by gravitational forces. For drops mostly used in this work (cell-
growth medium droplets under fluorocarbon FC40), the capillary length is of the order of 1.5
mm, but this value varies for different fluid pairs as in Chapter 5.

In this thesis, most of the sessile drops fall below A, of the system, hence their geometry is

fully defined by any two of the following parameters: drop height (h), footprint radius (a), radius
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of curvature of the interface (R), and the contact angle (8). From Figure 6, one gets the

relationship between these parameters:

a’ + h?
R=—1— (2)
a = Rsind, (3)
h = R(1 — cosH), 4)
a
=—(1- .
h gy (1 — cos0) (5)
air
FC40
fluid wall
solid
substrate h
(7]
| &——> \

Figure 6: Cross section of a sessile drop under FC40.
Below the capillary length, sessile drops are shaped like perfect spherical caps and their geometry is
fully defined by any three of the four parameters shown; a represents the footprint radius, R is the radius

of curvature of fluid walls, 8 is the contact angle, and h indicates the central height of the drop.

A drop of known volume on a flat surface has footprint radius and contact angle defined by
the equilibrium of forces at the pinning line; line of contact between the three phases (solid-

liquid-gas, Figure 6), and the volume in the drop is given by the equation:

Varop = 7%h(3a2 + h?). (6)
Adding more volume, the drop varies its height and contact angle, such variation leaves
the pinning line unchanged until the advancing contact angle (8,) is reached. After that, the
footprint radius starts expanding. Similarly, removal of volume flattens the sessile drop over a
fixed footprint up until the receding contact angle (6) is breached; then, footprint shrinks.
Sessile drops of cell growth medium in air have an advancing contact angle close to the

equilibrium one (~50°), meaning very little volume can be added without the footprint
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increasing in area. The FC40 overlay changes the equilibrium at the pinning line, shifting 6,
well above 90°, thus expanding the range of volumes that a drop can contain.
Finally, in absence of gravity, the pressure in the drop equals the Laplace pressure across

the curved fluid interface, and it is defined by the Young-Laplace equation:

1 1
where R, and R, are the principal radii of curvature of the interface (J. Berthier et al., 2016).

As sessile drops are symmetrical around the central height (h), radii of curvature are equal,

and the equation simplifies to:

2 4yh
ap =L

- 8
R a?+ h?’ (®)

Conduits

If in nature sessile drops have circular footprints, fluid-walled technology allows to create
footprints of any two-dimensional shape. Namely, a ‘drop’ sitting over a thin rectangular
footprint (length is much greater than its width, Figure 7), can be considered as a fluid-walled
conduit. Like drops, conduit cross sections are shaped like segments of a circle where a. is
the half width of the footprint, R, is the radius of curvature of the fluid walls, and the height of

fluid walls (h.) across the width (z-axis) is defined as:

hc(Z) = Rg —2z2 — (Rc - hc,max): (9)

where h.mqx = ho(z = 0). Throughout this work, sections are conventionally in the zy-
plane while flow is along the x-axis. In a conduit, the pressure generated by fluid walls is half
compared to the pressure of a sessile drop with a circular footprint of diameter ‘2a.’. Along the
length of the conduit the radius of curvature of fluid walls can be considered infinitely large,

therefore the Young-Laplace equation simplifies to:

Y _ 2Vhemax (10)

AP = =
Rc ag + hcz‘,max
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Figure 7: Three-dimensional schematic of a fluid-walled conduit.
When the length of the rectangular footprint is much greater than its width (L > 2a.), curvature of fluid
walls along x-axis becomes negligible and cross sections of the conduit are shaped like segments of a

circle. During flows fluid walls morph in response to the pressure gradient.

Flows through fluid walls

Like a sessile drop morph above an unchanging footprint as volumes, hence pressures,
change so does a conduit bounded by the same interface. During flows, a pressure gradient
is applied along the length of the conduit, and so fluid walls morph in response to such
gradient.

Our group derived a simple power law that describes the shape of conduit fluid walls during
flow at steady state. Here, a summary of the derivation is reported; the full derivation can be
found in the Supplementary Information of a paper titled ‘Predicting flows through microfluidic
circuits with fluid walls’ (Deroy, Stovall-Kurtz, et al., 2021). Such law is inferred approximating
flows as laminar, unidirectional, and fully developed reducing the Navier-Stokes equation
along the x-axis to:

oP 0%u

— =y — 11

where P is pressure, u the viscosity of the flowing fluid, and u is the velocity component along

x-axis. Then, assuming the velocity profile as between infinite parallel plates, the solid
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hc,max

polystyrene floor and the morphing fluid ceiling located at y = respectively, and

assuming a perfect no-slip condition on both plates, one gets:

1 0P Re max’
= _ _omax ) 12
u(y) = 219x (y ) (12)

If the no-slip condition is obvious on the solid floor, it is not on the interface between the cell-
growth medium and the overlaying fluorocarbon. However, growth medium contains several
proteins which are adsorbed to the interface, we believe these proteins form a thin monolayer
which act as a ‘solid’ boundary. Although the cause is still unknown, the no-slip condition on
fluid walls has been experimentally proven in a previous publication by our group (Deroy,
Stovall-Kurtz, et al., 2021).

Volumetric flow rate is given by the integration of the velocity over the conduit cross section:
@ (7
Q= f fhu(y)dydz (13)
—al-l
Evaluating the integral along y-axis is trivial and leads to:

EMJ_ W) dz = S me j (m (R - hc,max))3 dz (14)

3 hC max 3 hC max v —a.

hC max d

» represents the maximum of the velocity profile in the

where U, = u(y =0) =

centre of the conduit. Evaluation of the integral along z-axis does not provide a simple solution

that can be easily handled by users. Nevertheless, the integral can be normalized by

substituting n = — and dividing the integrand by A2 qx. If hemax < ac, the nondimensional

integral can be approximated to a constant value of ~0.92 with less than ~2.5 % error when

C max

the ratio === varies from 5% to 50%. This approximation simplifies the above equation that

(o

can be rewritten in terms of the pressure gradient:
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dP _ 13.04uQ

a a achg,max (15)

Given the millimetric scale of the cross sections, one can assume negligible the hydrostatic
forces, therefore the pressure difference between two points along a conduit is given by

Laplace pressure only. Furthermore, assuming a, » h. 4, at all times, the Eq. (x) can be

dP _ 2ydh
2 )

L 2yh , o
simplified to AP = L = 22emax 4n4 jts derivative becomes == = X2
R. ag dx ag dt

Eq (x) then becomes:

dh  6.52Qua.

— = 16
dx Vh?,max ( )

which can be simply solved by separation of variables resulting in the semi-analytical solution:

0.25

26.08a,.uQx :
O e (17)
Reintroducing AP = 2”:# into Eq. (x) solves for pressure as:
417.28uy3Qx 025
Cc

Here, the position x = 0 corresponds at the end of the conduit, hence h. max (x=0) represents
the central height of the outlet cross section, and P(,_q)the pressure of the same cross section.
These constitute the governing equations of the field as the pressure drop (Eq.(x)) from inlet
to outlet is not linear (as is the case for solid-walled conduits) and the height equation (Eq.(x))
provides all the information to quantify how fluid walls morph in response to pressure

variations.

Interfacial tension

Fluid-walled microenvironments are held in place by interfacial tensions at the triple-contact
point between the solid substrate, aqueous phase, and the liquid fluorocarbon overlay.
Specifically, the tension across the interface between the two liquids directly influences the

behaviour of fluid walls and, as such, represents a fundamental parameter in this thesis.
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The interfacial tension is a force per unit length that arises from differences in energy
between molecules at the interface and those within the bulk of the fluid. It describes the
tendency of liquid interfaces to minimise their surface area and it only depends on the
properties of the fluids in contact. Various methods can be employed to quantify this force. In
this thesis, the pendant drop method is used to measure the interfacial tension, here a droplet
of one liquid is suspended from a needle in a pool of the other liquid. It compares the shape
of the pending droplet, deformed by gravity, with that of an undeformed sphere with the same
volume. In cases of weak interfacial tension, gravity dominates, causing greater distortion in
the pendant drop shape.

The Worthington number (Wo) plays a critical role to characterise precision of experimental
measurements using the pendant drop method. It is defined as the dimensionless ratio
between gravitation and capillary forces.

_ A,D g Vdrop

Wo
Y ﬂDneedle

(19)

Berry et al. (2015) showed experimental results are reliable when 0.3 < Wo < 1, whereas
measurements tend to underestimate the interfacial tension when Wo < 0.3. Therefore, all
interfacial tensions reported in this thesis have been obtained with Wo > 0.5. Additionally,
experimental data of interfacial tension between distilled water and FC40 were employed as
a control to validate the experimental set-up. This particular fluid pair exhibits a well-
documented interfacial tension of 52.06 + 0.66 mN m”' (Mazutis & Giriffiths, 2012), that
remains constant over time. Figure 8A,B depicts a 2.5 ul drop of FC40 in a pool of distilled
water during a 30-minute recording. The drop’s shape remains unchanged and so does the
interfacial tension value (measured at 51.79 + 0.74 mN m"), which closely aligns with values

found in the literature (Figure 8C).
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Figure 8: Interfacial tension (y) between distilled water and FC40.
(A) Representative images of FC40 drops pending in a pool of distilled water at t = 0 min.
(B) Representative images of FC40 drops pending in a pool of distilled water at t = 30 min.

(C) Plot of interfacial tension measurements over time.

While interfacial tension is typically constant for 'clean’ fluid pairs, this principle does not
hold for fluids containing dispersed insoluble macromolecules. Interfacial tensions of such
fluids lower over time as some of the suspended molecules are adsorbed onto the interface
(Beverung et al., 1999; Ward & Regan, 1980). Once the interface becomes saturated, the
system reaches equilibrium, and the interfacial tension stabilises. This phenomenon is
relevant to fluid-walled microenvironments as cell-growth media are usually supplemented
with animal sera that contain a wide range of large proteins involved in cellular metabolism.
Figure 9A shows a 0.8 pl drop of FC40 pending in a pool of cell-growth medium (DMEM) +
10% fetal bovine serum (FBS) at t = 0. As serum proteins adsorb to the interface, the droplet
shape is progressively deformed by gravity (Figure 9B) indicating a decrease of the interfacial
tension. Once the interfacial surface becomes saturated, the tension stabilises to an
equilibrium value of 22.8 + 0.43 mN m™" (Figure 9C). The same equilibrium interfacial tension
is maintained at lower concentrations of FBS, indicating that this level is above the critical

micelle concentration (CMC).
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Figure 9. Interfacial tension (y) between DMEM+10%FBS and FC40.
(A) Representative images of FC40 drops pending in a pool of DMEM+10%FBS att = 0 h.
(B) Representative images of FC40 drops pending in a pool of DMEM+10%FBS att = 5 h.

(C) Plot of interfacial tension measurements over time (red line represents the measured average
between 3 h and 5 h).
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Chapter 4: Stable diffusion gradients in microfluidic
conduits bounded by fluid walls

Submitted to Microsystems & Nanoengineering on September 15%, 2023

Authors: Federico Nebuloni, Cyril Deroy, Peter R. Cook, and Edmond J. Walsh

Abstract

Molecular diffusion is functional to countless biological phenomena ftriggered by
concentration gradients. Hence, mimicking of such gradients in vitro becomes critical in
biomedical research. The reduced scale of microfluidic devices successfully enables precise
control of diffusing molecules, opening to novel assays for sample purification and chemotaxis.
However, such devices are usually fabricated using solid plastics that shield biological
samples and prevent direct access. Therefore, open microfluidics proposes to simplify
fabrication and usage of standard microfluidic devices by substituting solid boundaries with
interfaces between immiscible fluids. Among open technologies, fluid-walled microfluidics
raised particular interest as it allows to form accessible aqueous circuits inside standard Petri
dishes. Here, all upper surfaces of such circuits are bounded by ‘fluid walls’ between cell-
culture medium and a bio-inert immiscible fluorocarbon. However, these walls morph as
pressures change; consequently, traditional equations describing flows through solid pipes no
longer apply. We develop a mathematical model of the fluid dynamics as two or three aqueous
streams with equal viscosity flow (non-turbulently) down a straight conduit with fluid walls,

predict diffusion of molecules between such streams, and validate predictions experimentally.
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Introduction

Diffusion represents fundamental mass transport, and many (perhaps all) cellular
responses are triggered by concentration gradients of specific molecules. For example, during
a bacterial infection, macrophages circulating in the blood stream exit vascular vessels to
target the source of infection; such precise movement is driven by concentration gradients of
secreted bacterial proteins [1] and host hormones [2]. Similarly, migration of platelets towards
wounds is driven by diffusion of subendothelial molecules into lacerated vessels where they
activate the coagulation cascade [3,4].

Despite the obvious importance of such phenomena, existing in vitro assays of cellular
responses to molecular gradients have shortcomings. For example, chemotaxis is often
studied using the transwell assay pioneered by Boyden [5,6]; however, diffusion gradients are
unstable, the method is low throughput, and cells cannot be imaged as they respond in real
time. Recently, the introduction of microfluidic approaches has overcome many of these
limitations [7], but uptake of these methods still remains poor [8]. Reasons cited for this include
fabrication complexity [ 9], and the inaccessibility of bio-samples contained behind solid plastic
walls in devices that are often made of polydimethylsiloxane (PDMS). Consequently, more
open-microfluidic technologies are being developed [10,11].

In fluid-walled microfluidics [12], the solid walls of conventional devices are replaced by
liquid ones (i.e., interfaces between two immiscible phases). This counter-intuitive approach
is possible due to specific properties of fluids at the micro scale where gravitational effects
become negligible, and interfacial forces govern interface geometry. This approach has been
used to fabricate and operate complex micro-circuits in simple cell-friendly ways [12—-14]. For
example, circuits are created in a standard Petri dish using a custom “fluid printer” that
reshapes nanolitre volumes of cell-culture medium under an immiscible and bio-inert
fluorocarbon (FC40) added to prevent evaporation (Fig. 1A). The printer consists of a 3D
traverse equipped with a blunt needle (internal diameter ~70 ym) connected to a syringe

pump. A submerged jet of FC40 is pushed through the nozzle to sweep away underlying
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medium in the dish to leave FC40 "pinned" to the substrate (Fig. 1Aiii). The traverse moves
the nozzle above the dish, without contacting media or dish, to reshape the aqueous phase
into the desired pattern; such f‘jet-printing’ can make simple two-dimensional circuits in

seconds [15-18] (Fig. 1Aiv).

A fabrication (jet-printing)
i iv
I Petri dish

medium

jet pins FC40 to substrate Petri dish

B circuit with fluid walls
i set-up il zoom

needle T—"’

N
N X

ink

£

R ———

Figure 1. Making and operating a Y-shaped micro-circuit with fluid walls.

(A) Fabrication by jet-printing. (i) A virgin polystyrene Petri dish. (ii) Add a thin layer of medium and
quickly overlay with FC40. (iii) More FCA40 is jetted through the overlay to locally sweep medium away
to leave FC40 pinned to the polystyrene substrate. (iv) A 3-axis traverse moves the jetting nozzle above
the dish so it "prints" the Y-shaped footprint of the circuit without contacting polystyrene (dotted grey
line: future path of jetting nozzle).

(B) Operation. (i) Experimental setup. The circuit sits in a 6 cm dish, with a 3D-printed needle holder
clipped on to the rim. After lowering two needles through the holder and into each arm of the Y, red and
blue dyes are infused into the circuit (using an external syringe pump that is not visible); red and blue
dyes merge at the junction in the Y to flow as laminar streams down the central arm, through the open
end, and out into the sink (the rest of the dish). (ii) Zoom of central arm illustrating diffusion of blue dye
rightwards, and red dye leftwards, between laminar streams (this gives a widening purple zone towards

the bottom). q: flow rate

To model molecular diffusion across parallel laminar streams, we designed a ‘Y’-shaped

circuit consisting of two inlet branches that converge into a single conduit that empties into a
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large sink (the rest of the dish). At the junction, inlet streams merge and flow side-by-side
down the conduit as laminar streams, and the contents of these streams do not mix other than
by diffusion across the inter-stream plane (Fig. 1Bii). From above, this circuit resembles similar
ones made of PDMS [19-21] (Fig, 1Bi), but differs in one important respect — unlike solid
plastic walls, these fluid walls morph according to pressure changes. This work develops, and
experimentally validates, a semi-analytical model to predict diffusion gradients between
laminar streams flowing through fluid-walled conduits of known width and length.

Recently, similar fluid-walled circuits have been employed in chemotactic studies of
bacteria [15] and macrophages [17]; they have one big advantage over solid-walled circuits:
they are bio-friendly in the sense that they fit seamlessly into existing biomedical workflows.
For example, circuits are made of standard cell-growth media and Petri dishes [22], the fluid
walls are easily pierced by pipets and automatically re-heal when pipets are withdrawn (so
cells can be recovered from any part of a circuit), fluid walls can be destroyed and rebuilt
during experiments [16]. Additionally, as gravitational forces are negligible due to the sub-
millimetric scale of the circuits (Bo « 1), dishes can be moved around the working lab (i.e.,
infout of incubators, in/out of biological hoods, or on/off the microscope stage for imaging)
without altering the geometry of the circuit nor affecting its integrity. Therefore, a model
facilitating prediction of concentration gradients of molecules flowing through conduits

bounded by fluid walls becomes necessary.

Theory

Morphing fluid walls

In the Y-shaped circuit, streams of two aqueous and miscible liquids converge at the junction
to flow down the single straight conduit (width — 2 mm, length — 12 mm, height < 100 ym; Fig.
2Ai). Conduit sections sit in the zy-plane, while flow is along the x-axis. Our circuit sits in a
standard polystyrene Petri dish and is capped by the interface formed with the overlaying
fluorocarbon. Due to the fluid nature of the upper boundary, circuit cross-sections are shaped
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like segments of a circle (Fig. 2Aii). During flow, circuit footprint remains unchanged, but fluid
walls/ceilings inevitably morph as pressures change. After fabrication, fluid walls and ceilings
are initially flat above the circuit footprint, but when flow begins, they ‘inflate’ to accommodate
the increasing pressure. During steady flow, fluid walls stop morphing but their height varies
in the streamwise direction to reflect the local pressure in the conduit [18]. Consequently, the
maximum height of conduit cross-section (h,) decreases along the x-direction, being minimal
at the outlet (Fig. 2Aii). At different flow rates, h, at any point down the conduit also differs
(Fig. 2Aiii).

Fluid dynamics at the microscale is typically characterised by low Reynolds numbers and
laminar flows. This regime yields important simplifications and increased predictability of flows,
allowing analytical solutions of the Navier-Stokes equations under well-defined boundary
conditions. Recently, Deroy et al. [18] derived a simple power law that describes the variation
of hy down straight conduits of known geometry at constant flow rates (see Supplementary
Information, and Supplementary Fig. 1) showing that flows at steady state can be modelled
like those between infinite parallel plates. Then, using notations illustrated in Figure 2Aiii, one

can derive equations of the flow velocity profile and of any cross-section profiles along the

conduit;
[ (@+m)Y e R (1)
o= (7)==
) _1dP( ., h(2)’ (2)
u(y,z) = 2u dx (y 4
. Q
Umax(2) = 5 hoa 3)

where a represents conduit half width, h, is the central height of the cross section that varies
along the x-axis as pressure decreases, Z—z and u are the pressure gradient and local velocity

of the fluid in the streamwise direction respectively, and u,,,, is the maximum velocity in a

cross section. u,,,, varies as h changes along the z- and x-axes; it has a local maximum in

each cross section at z = 0: Uy, 0X) = veinea’
. 0
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Parallel laminar streams

When flow is laminar, the two input streams run side-by-side down the central conduit and
mass transport between streams is by diffusion only. If the two inputs have identical viscosities,
stream widths depend solely on the difference between flow ratio of the input streams [23,24]
(Fig. 2B). Hence, the volumetric flow rate of each stream is given by the integral of velocity,

u(y,z), over the portion of the cross section wetted by that fluid, and the ratio is:

(yz h(Z) )dydz

(yz - @) dydz

N

o K7
qp fs f

~ | R

1
2p
1

NIENl:‘N'?
m'm Q->|%

2p
(4)

a fa h(z)3dz

; qp f h(z)3dz

where *+ a are the edges of the channel footprint, and g, plus gz are input flow rates,
respectively (with total flow rate Q = g4 + qp). Every cross section (normalized over half width)
can be theoretically divided in two regions by a vertical line in position ‘s’ (—1 < s < 1) across
its width representing the contact plane between streams (Fig. 2Bii). However, given the
variation of aqueous height across the conduit, there is no simple analytical equation
predicting s — unlike the case for rectangular channels in laminar flow [23]. Therefore, a

predictive numerical solution for ‘s’ is required; as expected, the trend is non-linear (Fig. 2Biii).

Diffusion gradients across parallel streams

Laminar flow and steady-state conditions significantly simplify modelling of mass transport
between parallel streams, as diffusion is the only driving factor. The advection-diffusion
equation at steady state for a solute (of concentration ¢ and diffusion coefficient D) dissolved

in an incompressible and isotropic fluid flowing with velocity v is:

34



DV?c—v-Vc=0 (5)

Considering fully-developed laminar flow, and unidirectional along x, Eq. (5) simplifies to Fick’s
law as:

dc _Dd*c

0x udz? (6)
where u is the velocity along the x-axis. Assuming diffusion between infinitely-large reservoirs,

the solution to Eq. (6) is:

C
c(z,x) = —Oerfc
2 D
2 |=x
u

(7)

We will use n as the bracketed term. Diffusing molecules initially occupy a finite region, and
the initial state is definedas ¢ = C,ifz < 0,and c = 0if x > 0. In Eq. (7), C, is the concentration

of the solute in one of the inlet branches, and u represents the mean velocity of the parabolic
profile (defined as u = gumax). It is understandable from Eq. (3) and Eq. (7) that concentration

gradients do not simply depend on the position (z, x) but are affected by velocity changes

along both x- and z-axes.

L

Finally, we define the flow time of molecules along the conduit (t = ) where L is the length

Uqp

of the conduit and u,,, the average of all mean velocities down the conduit of the contact plane

between streams, and the diffusion time across the conduit (td = %2) The ratio of flow time

over diffusion time defines the Fourier number (Fo):

gt _ DL
O_td_azﬁav (8)

It represents a dimensionless contact time between streams flowing in the conduit; in other

words, it defines the time molecules have to diffuse before reaching the outlet. We design our
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circuit so that Fo « 1 for all flow rates tested. This condition allows observation of diffusion in
the proximity of the contact plane between streams without altering inlet concentrations near
conduit boundaries. In other words, as our model assumes that diffusion happens between
infinite reservoirs, it is valid as long as Fo « 1. Nevertheless, Eq. (8) represents the definition
of Fo when input rates are equal, the contact plane sits in the middle (s = 0), and the two

streams occupy equal portions of the conduit. In cases where s # 0, we can define two Fourier

DL

numbers depending on which portion of the conduit is analysed. Thus, Fo = EGIDOR.

if gy <
DL

qg, and Fo = EESIE

if g4 > qp describing if any of the two flowing solutions alters inlet

concentration near the opposite boundary.
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Figure 2. As flows change, conduit cross-sections change above unchanging footprints.
(A) (i) Footprint of Y-shaped circuit. (ii) 3D schematic of area within the dashed red line in (i); not to
scale. As the circuit is bounded by fluid ceilings, cross sections of all aqueous arms are shaped like

circular segments. (iii) Fluid walls morph as flows change to reflect pressure variations in an arm over
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an unchanging footprint, illustrated here at position K-K' — the area within the dashed blue line in (ii).
The central height h, and cross-sectional area increase as the flow rate rises.

(B) Changes in position of the contact line between laminar streams as input flow rates vary. (i) Top
view of footprint at junction (g, and ggare flow rates of the two inputs). Dashed and dotted lines: inter-
stream contact planes when q, = g5 (dashed), and g, < g5 (dotted). (ii) Cross-sectional view at position
A-A'in (i) showing two different locations ‘s’ of the contact plane at different input flow rates. (iii) Position

‘s’ of the contact plane across the width of the conduit for a range of inlet flow-rate ratios (log scale).

Materials and Methods

Reagents

Cell culture medium used in this work is always DMEM (Dulbecco's Modified Eagle Medium,
Sigma-Aldrich) supplemented with 10% fetal bovine serum (FBS, Gibco). The overlaying
fluorocarbon (FC40) is purchased from 3M Fluorinert™ and subsequently treated (protocol
property of iotaSciences Ltd) to obtain FC40STAR. The fluorescein solution used to calibrate
measurements and observe diffusion gradients is prepared by dissolving fluorescein-dextran
9 kDa (FD-10S, Sigma-Aldrich) 300 uM in sterile PBS (phosphate-buffered saline, Gibco).
Throughout this article, every time we mention medium/media, FC40, or fluorescein, we are

referring to DMEM+10%FBS, FC40star, and fluorescein-dextran 9kDa in PBS respectively.

Microscopy and imaging

All experiments have been performed on an inverted microscope (Olympus IX53) equipped
with a 4x objective connected to a single-lens reflex camera (Nikon D7100 DSLR). Fluorescein
molecules were excited by a LED light (CooLED A = 470 nm, light intensity 15%) and
fluorescent images were recorded with shutter exposure of 0.25 s. All fluorescent images have
been recorded focusing on the FC40 walls pinned to the dish using phase contrast, then
switching to fluorescence without adjusting focus position. The image in Figure 1Bi was taken

using a Nikon D5100 DSLR camera, and the one in Figure 1Bii with Dino Capture 2.0 camera.
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Circuit fabrication

All circuits presented in this paper are jet-printed using standard clean polystyrene Tissue
Culture Treated 60 mm Petri Dishes (Corning Inc, Life Sciences). First, the dish is filled with 1
ml cell culture medium to wet its surface, as much volume as possible is then carefully
removed by pipet in order to leave just a thin layer wetting the surface. This layer is then
quickly overlaid with FC40 to prevent evaporation. The dish is placed on a custom designed
fluid-shaping printer (iotaSciences). Then, the tip of a blunt needle (70 pm inner diameter;
iotaSciences) held by the 3D traverse unit of the printer is lowered into the FC40 overlay until
~ 0.3 mm above the bottom of the dish, and additional FC40 jetted out of the needle at 480
pl/min (the needle is connected via a Teflon tube to a 1 ml glass syringe (Hamilton) driven by
a syringe pump integrated in the printer). The jet sweeps the medium layer off the substrate
as the traverse moves the needle above the dish. The conduit is designed with a width of 2
mm, however as the fluid walls that bound the conduit have thickness ~150 um, the actual
conduit width is ~1.85 mm. Circuit patterns and printer control commands are written using G-

code.

Infusion pumps and tubing

All experiments are performed with syringe pumps (PhD ULTRA, Harvard Apparatus)
equipped with two 100 pl glass syringes (Hamilton) connected to 25G stainless steel blunt
infusing needles (Hamilton) through 28G Teflon tubes (Adtech). Needles are held vertically in
position over inlet arms by home-made 3D-printed holders that clip on the rims of dishes

(similarly to Deroy et. Al [16]).

Determining h(z) from fluorescence intensity
Fluorescence intensities in arbitrary units (a.u.) given by fluorescein seen in images are
converted to local conduit height using linear calibration curves constructed as follows. A 2-

inlet conduit is infused using the same fluorescein solution in both inlets at three different total
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flow rates (where g4 = gg), and nine images are recorded at every millimetre down the conduit
between 2-10 mm from the junction. All images are then analysed using ImageJ
(RRID:SCR_003070) to plot intensity profiles at each location across the conduit, and
corresponding theoretical cross-section profiles are computed using Eq. (1) and divided by
the pixel intensity in the same location ‘z’ to determine the height-to-intensity ratios. The three

flow rates tested are 5, 10, and 20 ul/h (values refer to total flow rate Q).

Determining diffusion gradients of fluorescein across conduits

In these experiments, PBS + fluorescein is infused into the left-hand arm, and PBS into the
right-hand one. Intensity profiles of flowing fluorescein are then measured across conduit width
at every millimetre down the length of the conduit between 2-10 mm from the junction. Pixel
intensity [a.u.] is converted into height [um] using a linear calibration curve, and subsequently
divided by theoretical height of the conduit cross section (Eq. (1)) at the same location along

x-axis.

Results

Mass transport by diffusion of fluorescein between parallel streams flowing through a straight
fluid-walled conduit is observed by microscopy. The fluorescein solution is infused into one
inlet branch (conventionally the left one), and PBS into the other one. After the junction,
fluorescent molecules diffuse rightward between laminar streams to yield increasing
concentrations on the right as distance from the junction increases. A fluorescence image of
the conduit is collected, and intensity profiles of green fluorescence are then measured across
conduit width at every millimetre down its length between 2-10 mm from the junction. Then,
the intensity profile is converted into an equivalent height profile, and local concentration
computed as the height ratio between the equivalent profile traced by fluorescein and the

theoretical profile of the cross-section described by Eq. (1). In other words, if the height of the
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fluorescent equivalent profile at a specific location equals the theoretical one, no diffusion

happened so the concentration there equals the infused concentration C,.

Deriving a calibration curve

Pixel intensity (a.u.) at a specified point in the resulting image must now be converted into
a concentration, and this is usually achieved using a direct calibration done, for example, by
measuring intensities of a dilution series of the fluorescein [25]. However, as bounding fluid
walls/ceiling are not flat and morph as flow rates change, this induces the same concentration
C, to correspond to multiple intensities depending on z-location and flow velocity. This
prompted us to develop a calibration method that yields a linear curve applicable to all
conditions used.

To develop the calibration method, the same fluorescein solutions are infused into both inlets
so there is no gradient between streams (Fig. 3Ai), and images of the conduit are collected
with the focus on the base of the fluid walls pinned to the dish. These pinned walls are visible
in phase-contrast images (Fig. 3Aii), but not in fluorescence ones (Fig. 3Aiii) where they are
shown as dashed white lines here and in subsequent images. Two trends are visible in
fluorescence images: intensity increases between 0 and 2 mm from the junction (x = 0 at the
junction), before progressively declining towards the exit. The increase is due to the sudden
change of width and flow rate that happens at the junction. Fluid walls/ceiling height lift to
accommodate such changes (~ 4-fold increment), hence a brighter intensity is visible. Such
height variation is not immediate but occurs over the first couple of millimetres after the
junction, however complexity of the curvature of the fluid walls/ceiling in this section does not
allow for analytical predictions (Supplementary Fig. 1). As Eq. (1) does not apply within 1-2
mm of the junction(Deroy, Stovall-Kurtz, et al., 2021), we sample intensities every millimetre
from 2-10 mm (Fig. 3B shows intensity profiles at 2 and 10 mm from the junction for three
different flow rates). As conduit heights vary to balance pressure, intensity profiles decrease

towards the outlet but increase as flow rate increases. Next, intensities are sampled every 0.1

40



increments across the normalised width of the cross section (for all 3 flow rates) and plotted
against conduit heights calculated from Eq. (1). They fall on a straight line with slope 0.79 +
0.03. This line is derived from the use of intensities in all pixels measured (n = 45,495) across
the 9 cross sections and for the 3 flow rates (Fig. 3C). In other words, there is a linear
relationship between height [um] and pixel intensity [a.u.] — where equivalent height =
0.79 X intensity — over a wide range of conditions. Theory fits well with experimental points
inside the depth of field of the objective (~80 um, +40 um around focal plane; manufacturer's
data), and as expected it begins to diverge outside this range. Therefore, this linear
approximation enables prediction of all heights across the width of the conduit at different
distances from the junction (Fig. 3D), although errors progressively increase when height
exceeds the depth of field (Fig. 3D, compare red circles with upper black line) and this

becomes a limiting factor of the method.
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Figure 3. Calibration — a linear relationship between calculated height and fluorescent intensity.
(A) Setup (Y-shaped circuit). After infusing fluorescein (fluo) into both input arms (g4 = qz), images are
collected along the conduit below the junction, and fluorescence intensities analysed across conduit
widths every millimetre from 2 mm to 10 mm from the junction. Phase-contrast images with pinned
FC40 walls visible. Fluorescence images show intensity decreases as pressures fall towards the outlet.
(B) Fluorescence intensity (a.u.) profiles of conduit cross-sections at 2 and 10 mm from the junction for
three different flow rates.

(C) Linear relationship between fluorescence intensity and height. Data points are obtained by sampling

intensity plots like those in (B) every 0.1increments along the normalised width for all flow rates at the
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2 mm cross-section, with colours reflecting flow rates in (B). The maximum error between experimental
data shown in the graph and the calibration line ~7% for Q = 5 ul/h (yellow data points,n = 19)orQ =
10 pl/h (red date points, n = 19), while it increases up to ~12% when Q = 20 pl/h (blue data points,
n = 19). Expanding the error analysis to the whole data set (n = 45,495), the average error made to
convert pixel intensity to equivalent heights using the calibration equation presented is ~4%.

(D) Plot of heights derived from intensities as in (C) against normalised width at 2, 5, and 10 mm from
the junction. (Q = 10 ul/h). Black curves: heights calculated from Eq. (1). Experimental data shown in
the graph diverge from theoretical prediction by 2.66% on average (n = 63) with a maximum error of

7.08% for the x = 2 mm cross section.

Diffusion gradients across parallel streams

We now return to the original setup where fluorescein in PBS, and just PBS, are infused into
the left- and right-hand input arms to flow as laminar streams down the central arm (Fig. 4Ai).
Soon after the junction, fluorescein diffuses across the contact plane between the two laminar
streams (Fig. 4Aii). We quantify diffusion by recording pixel intensity across the conduit at x =
2-10 mm as before, and convert intensities to equivalent heights using the calibration factor
(Fig. 3C). The equivalent height profile across the conduit can be paired with a related one
derived from Eq. (1). Such pairs are now overlaid by normalizing widths and heights with
respect to s = 0 and hy (Fig. 4Aiii). Equivalent-height profiles perfectly follow the theoretical
ones on the left of the conduit, and — in the absence of diffusion — they should fall immediately
to zero (at normalised width 0) in accordance with Eq.(7); instead, they decline gradually. Each
of the resulting profiles is equivalent to the corresponding concentration profile, as the ratio of
equivalent to theoretical heights (red to black in Fig. 4Aiii) at each point across the conduit
reflects the local fluorescein concentration. Thus, where the equivalent height equals the
theoretical one, the fluorescein is undiluted (100% C,); where the ratio is zero, there is no
fluorescein (0% C,). When concentrations derived from intensities in this way are compared
to the predictive model (Eq. (7)), there is excellent agreement across conduits at all three flow
rates (Fig. 4Bi, Supplementary Fig. 2). All results obtained from theory and experiment are
now collapsed into one chart (Fig. 4Bii); the excellent convergence between the two validates

the theory for predicting diffusion profiles as velocities vary down a conduit (Fig. 4Biii).
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Figure 4. Diffusion of fluorescein from one laminar stream into a fluorescein-free stream flowing
at the same rate.

(A) Overview. (i) Schematic. Fluorescein solution (fluo) is inputted into the left-hand arm, and PBS into
the right-hand one (Q = 10 pl/h; g5 = qg)- (ii) Representative fluorescent image of the junction. Dashed
lines mark fluid walls pinned to the dish. (iii) Diffusion profiles across the central conduit at positions 2,
5, and 10 mm from the junction. For each distance from the junction, there is one black curve (derived
using Eq. 1) plus an associated red curve (derived from intensities measured in images like that in (A)ii,
and then converted to equivalent heights using the calibration factor). Pairs of curves are overlaid by
normalizing widths and heights with respect to h, on each black curve.

(B) Concentration gradients and flow properties. (i) Concentration profiles (red) measured 2, 5, and 10
mm from the junction compared to predictions from Eq. (7) (black line). Experimental gradients are
computed as the ratio of a diffusion profile (shown in (A)iii) and the corresponding cross-section profile
at each point across the width. (ii) Collapsed experimental data for all flow rates tested (for  see Eq.
(7); colours refer to flow rates and shapes of data points indicate distances from junction) and predicted
curve from Eq. (7) (black line). (iii) Mean velocities in the centre of the conduit for different flow rates
(from Eq. 3).
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The position of the contact plane between parallel streams can also be controlled precisely

in our system using Eq. (4). We illustrate this by moving the contact plane away from the

centre of the conduit to position s = —0.5. Thus, setting Z—A =0.0763 (and Q =q4 + g5 =
B

10 pl/h) should induce the required shift (Fig. 2Biii) — and it does (Fig. 5Ai). Conversely, in

solid-walled conduits with fixed height, the same movement would be achieved with Z—A =0.25
B

(Fig. 5B). Therefore, corrections for local velocities, u(s,x), are included when computing
concentration profiles using Eq. (7); again, there is good correspondence between theory and

experiment.

A  diffusion at s = —0. 5 with uneven inlet rates

i fluorescent image ii profiles at 2 mm from junction
110710} 9.29 | 15—
oplfh ok - diffusion profile
i 8 i ) === cross-section profile
IR £
i i =
N i h-]
i g a
[ [ = 0.5+
m
e/
g U*Lﬁ T T
-1 -0.5 0 0.5 1
normalised width
B mean velocity C concentration gradient
14 1.5- experimental fors = —0.5
— expe_rirpental fors=0
12 o754 === prediction
-] < 1.04
@ &
= 050 ~
(1] ~~
£ N os-
‘o' 0.25 L*]
c
] T T T 1 (1] T T T
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
normalised width normalised width

Figure 5. Diffusion of fluorescein between laminar streams with different flow rates.

(A) Diffusion profile for uneven streams with contact line shifted to s = —0.5. Conditions to achieve this
shift — with Z_: ~ 1071 and Q = g4 + g5 = 10 ul/h —are determined using Figure 2Biii. (i) Representative
fluorescent image. (ii) Experimental diffusion profile (converted from intensity) 2 mm from the junction
compared to the theoretical one (from Eq. (1)).

(B) Normalised plot of mean velocity 2 mm from the junction. Unlike rectangular conduits, the velocity
profile across the width of the conduit is not parabolic.

(C) Diffusion/concentration profiles (green) measured 2 mm from the junction — derived as in Figure 4Bi

— compared to predictions from Eq. (7) (black line). The red curve is reproduced from Figure 4Bi.
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Diffusion gradients across three parallel streams
Finally, results from theory and experiment are compared using an extra inlet to give three

laminar streams in the central conduit — with two fluorescein streams flanking a central PBS

one (Fig. 6A). We position contact plane s; = —0.5 (as Fig. 5), and s, = 0.5, by setting ﬁ =
CTUB

0.0763, "f‘qﬂ =13.09, and Q = g4 + qc + gz = 10 pl/h. The normalised equivalent-height
B

profile now has a (green) peak at each edge (compare Fig. 6Bi with Fig. 5Aii,), and the (green)

concentration-gradient profile is both symmetrically placed around z = 0 and overlaps the

predicted one (Fig. 6Bii). We also equalise flow rates using ﬁ = 0.5, “TW =2,and Q =
c B B

qa + qc + qg = 20 pl/h (Fig. 6C). This sets s; = —0.15 and s, = 0.15 and so should narrow the
central stream; it does (Fig. 6Ci), and there is again symmetry plus good correspondence

between theory and experiment ((Fig. 6Cii).
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Figure 6. Diffusion of fluorescein between three laminar streams with varying flow rates.

(A) Schematic of the circuit — a trident with three inlets. Fluorescein and PBS alone are inputted as
shown.

(B) Diffusion gradients with uneven inputs. (q, = qg = 6.67 ul/h, q; = 8.58 ul/h, Q = 10 ul/h).
Contact planes between streams fall at s, = —0.5,and s, = 0.5 (using da_ 101, 24%9¢ 101,

)

qctqB aB

and Q = q4+qc +qg =10 ul/h). (i) Diffusion profile 2 mm from the junction. (ii) Concentration profiles
(green) measured 2 mm from the junction (derived as in Fig. 4Bi) compared to predictions from Eq. (7)
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(black line; the solution across the contact plane in the 0 < s, <1 range is that for s; mirrored
around s = 0).
(C) Diffusion gradients with even inputs. (q4 = qc = qg = 6.67 ul/h,Q = 20 ul/h). Contact planes
aa  _ datdc
= 0.5, =—=
qctqB qaB

between streams fall at s; = —0.15, and s, = 0.15 (using =2, andqu+qc+qg =

20 ul/h). (i) Diffusion profile 2 mm from the junction. (ii) Concentration profiles (green) measured 2

mm from the junction (derived as in Fig. 4Ai) compared to predictions from Eq. (7) (black line, mirrored
as above).

Discussion

The fluid nature of walls in our micro-circuits (Fig. 1) ensures that conduit cross-sections
are circular segments (Fig. 2Aii) that morph above unchanging footprints as pressures change
(Fig. 2Aiii). This is unlike the unchanging cross-sections found in most conventional circuits
with solid walls. Deroy et al. [18] showed such behaviours, proving the cross-sectional area to
diminish from inlet to outlet as pressure reduces (Supplementary Fig. 1). The same authors
derived a simple equation that predicts pressure-driven morphing of fluid walls in straight
conduits with constant flow rate at steady state (Eq. S1). Our aim here is to develop new theory
to explain such flows, and validate this theory experimentally.

We begin with a Y-shaped circuit, infuse inputs into the two lateral arms, and monitor
laminar flows in the central conduit (Fig. 2Ai). In each straight section, the model proposed by
Deroy et al. can be applied, so flow and fluid wall dynamics are fully described by Eq. (1), (2),
and (3). When a solute (fluorescein-dextran of 9 kDa) dissolved in PBS is steadily infused into
the left-hand arm, and PBS into the right-hand one, the solute diffuses between laminar
streams. As the total flow rate is the sum of all inputs (Q = Y.qiniet), input ratio defines the
stable contact plane between streams (Eq. (4)).

As in previous studies [17,20,21], solute transfer between streams is now modelled assuming
one-dimensional diffusion between infinitely large reservoirs (Eq. (7)). However, since cross-
sectional areas down the conduit vary, flow velocities on the contact plane also do so; this is
a unique characteristic of our system. Moreover, before flow begins, all parts of a circuit share
the same negligible internal pressure, and fluid walls lie relatively flat over the footprint.

However, once flows begin, pressures increase, and walls morph to reach the shape described
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by Eqg. (1). Therefore, all measurements are made at least 3 h after flow begins to establish
the steady-state that persists for at least 10 h (Supplementary Fig. 3).

Diffusion of our solute between laminar streams is monitored by fluorescence microscopy,
and intensities seen in images are converted to concentrations using a linear calibration curve
that applies to all conditions used — provided that conduit heights lie within the depth of field
of our microscope (Fig. 3). After inputting equal flows into each inlet (g4 = g5), and after
varying total flows into the circuit (Q=5,10,or 20 pl/h), diffusion profiles determined
experimentally match those predicted using Eq. (7) down the length of the conduit (Fig. 4).

Use of a diffusion coefficient for fluorescein-dextran 9 kDa (D,,,, = 1.1 x 10~'° m?/s) provides

the best fit with experimental data (Supplementary Fig. 2); this is in reasonable agreement

with the theoretical value computed with the Stokes-Einstein equation (Dth:::;:

1.07 x 1071% m?2/s), where kj is the Boltzmann constant, T is room temperature (298.15 K),
u is the dynamic viscosity of the solution assumed to be that of water (0.89 cP), and R is the
radius of the diffusing molecule (23 A) [26]. As flow is laminar, once it reaches steady state
diffusion gradients are stable and unchanging over time (Supplementary Fig. 3). The time
required to reach stability mostly depends on the geometry of the inlet branches and on inlet
flow rates, but it is not deeply analysed in this work. In our circuit geometry and with the slowest
flow rate tested (g4 = gz = 2.5 ul/h, so Q = 5 ul/h), stability of diffusion gradients is achieved
after two hours from the beginning of the flow (Supplementary Fig. 3).

Theory is also validated in two additional ways. In one, inputs are infused into the two arms
of the Y-shaped circuit at different rates — ones that are predicted to shift the contact plane
between laminar streams away from the centre line to a new specified position. Although such
a shift changes the mean velocity profile, experiment showed it occurs as expected to yield
the appropriate concentration gradient (Fig. 5). The second way involved a trident-shaped
circuit with three inlet arms (Fig. 6A). After inputting fluorescein into flanking inlets and PBS
into the middle one, three laminar streams now flow side-by-side to yield 2 contact planes;

again, predicted and experimentally-determined gradients overlap (Fig. 6B,C).
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Finally, our model assumes diffusion across contact planes occurs between infinitely large
reservoirs; in other words, we assume flow is significantly faster down the conduit compared
to lateral diffusion so that diffused molecules do not affect bulk concentrations in a
neighbouring stream. The Fourier (Fo) number (Eq. (8)) is the ratio of diffusion and flow times.
When Fo « 1, our assumption holds and Eq. (7) can be applied. However, if Fo = 1, it no
longer applies. For all experiments with two inlet streams and even input flow rates (Fig. 4,
Supplementary Fig. 2), Fo is ~ 1072 for all flow rates tested; then, the model correctly predicts
diffusion gradients. However, once the contact plane shifts away from the centre line, our
model fits experimental data only at x = 2 mm, and becomes progressively less accurate at
greater distances from the junction (Fig. 5). For example (Supplementary Fig. 4A), where the
fluorescent stream is narrow and the contact plane is close to the left edge of the conduit (s =
—0.5), its velocity lowers (Fig. 5B) to become comparable to velocity of diffusion; therefore,
the initial bulk concentration of fluorescein falls below C, and Eq. (7) no longer holds. In this
configuration, when Q = 10 pl/h, Fo ~ 0.25 and theoretical results diverge from experimental
ones. Similarly, when Q = 20 pl/h, Fo ~ 0.15 and our model accurately predicts the gradient
up to 5 mm from the junction, but not further away (Supplementary Fig. 4A). Moreover, when
contact planes in the trident are close to the centre of the conduit and the central stream of
PBS is narrow (Supplementary Fig. 4B), the predictive model again performs poorly (as solute
from both sides alters the concentration in the PBS).

Nevertheless, we believe the experimentally-validated theory in this work represents a
useful tool to design innovative fluid-walled microfluidic platforms for in-vitro studies on cell
chemotaxis [15,17]. In particular, we envision the 3-input circuit will allow studies of the
decisions cells make when they sense different chemoattractants; cells plated in the centre of
the conduit are exposed to equal concentration gradients of different drugs from either side,
and this allows them to ‘choose’ the preferred migrating direction. Such assays, combined with
the ability to easily retrieve any cells that have migrated through the fluid walls [16], provide a

unique experimental platform for chemotactic studies.
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Supplementary Information

Semi-analytical solution for hy(x)

As liquid interfaces are flexible and can expand or retract, the fluid walls/ceilings in our
circuits can inflate or deflate over the fixed footprint as inner pressures change. Variation in
the shape of the walls changes conduit cross-section, and modifies flow velocities. Recently,
Deroy et al. [18] derived a simple power law that describes changes of the central height (h,)
of a straight fluid-walled conduit along its length (L) when a fluid with constant viscosity (u)

flows at constant rate (Q) through it:

ho(x) =

(26.08an(L -0, hgut>0 25 (1)
Here, a represents the half width of the conduit, y the interfacial tension at the medium-FC40
interface, while h,,; is the central height of the conduit outlet. These authors also proved this
equation to be valid only for conduits with high aspect ratios (a > hy).

We build on this work and use Eq. S1 to describe h, along conduit length for all flow rates
tested, and in Eq. (1), (2), and (3). From calibration intensity profiles that outline shapes of
conduit cross sections, we derive the central intensity (at the highest point of the cross section)
as the average of all intensity in the centre of the section (—0.1 < z < 0.1). We convert intensity
into equivalent heights h,(x) using the linear relationship described in Figure 3, and find good
agreement between experiment and theory for heights less than the depth of field of the

microscope (Supplementary Fig. 1).
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Supplementary Figure 1. Central height profile of the conduit - hy(x).

(A) Top-view schematic of the circuit.

(B) Side-view schematic of the circuit. At the junction, a sudden change in geometry (inlet branches
merge into single conduit with doubled width) induces fluid walls/ceiling to raise. Such variation is not
immediate but occurs over 1-2 mm. At around 2 mm from the junction fluid walls/ceiling reach the height
predicted by Eq. (S1) and shape described by Eq. (1).

(C) Experimental data compared to the analytical prediction of the central height profile of the conduit.
Experimental data (circles) are values of hy(x) determined from central intensities of cross-section
profiles between 2 and 10 mm from the junction for the flow rates indicated, while black lines are the
respective theoretical predictions calculated using Eq. (S1).

(D) Representative fluorescent image with both input rates of 10 ul/h (same as in Fig. 3A).

(E) Intensity isoline chart of fluorescent image in (D) processed using Imaged. It shows fluorescent
intensity to gradually increase after the junction reflecting variations in fluid walls/ceilings.

(F) 3D isoline chart with intensity converted into equivalent heights. Chart obtained using ImageJ.
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Supplementary Figure 2. Diffusion gradients down the central conduit for all flow rates tested
(Y-shaped circuit, conditions as Fig. 4).
As input rates are equal, the contact plane between streams is centred in the conduit and diffusion is
symmetric across its width. As expected, gradient steepness decreases towards the outlet (xyuc =

12 mm), but increases at higher rates. Values for Q = 10 pl/h are reproduced from Figure 4B.
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Supplementary Figure 3. Start-up time and stability of diffusion gradients. Conditions are as
described in Figure 4B except that Q = 5 pl/h with g4 = q5). Graphs show a time-lapse sequence
describing the evolution of the concentration gradient across conduit cross-section at 2 mm from the
junction. Infusing needles are inserted in the respective input arms and flow started. Time is counted
from the moment both samples start releasing from infusing needles, measurements are recorded every
10 min, and concentration gradients determined (as in Fig. 4B). At 40 minutes, the fluorescent solution
reaches the imaging area (x = 2 mm) and therefore an intensity profile becomes visible. The shape of
the diffusion gradient is significantly different from the predicted one as the flow is not yet fully developed
and fluid walls are still morphing to reach their final configuration. When fluid walls stop morphing,
concentration values between —1 < z < 0 equal 1 as the equivalent height profile has equalled the
theoretical cross section profile described by Eq.(1). After 40 minutes, the diffusion gradient starts
forming across streams. After 2 hours, the gradient reaches its final configuration, in perfect agreement
with theoretical predictions (indicated by black lines). After this time, the diffusion gradient remains
stable and unchanged. Flow is then stopped after 10 hours. We note that the time taken to reach steady
state depends mainly on the geometry of inlet branches and input flow rates, however these

dependencies were not explored further in this study.
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Supplementary Figure 4. Diffusion gradients resulting from off-centre contact planes.

(A) Y-shaped circuits with g, < gz. Conditions and presentation as in Figure 5, with the differences
indicated. Eq. 7 (black line) predicts the diffusion gradient seen experimentally (green) when x = 2 mm,
but performs progressively less well with distance from the junction. As s; = —0.5, velocity of the contact
plane lowers (Fig. 5B) and it becomes comparable to diffusion velocity (Fo~1); therefore, the fluorescein
stream concentration falls below C, (and so it can no longer be considered to be diffusing from an
infinitely large reservoir). Consequently, the green trace lies below the black line.

(B) Trident. Conditions and presentation as in Figure 6 where fluorescein streams flow on either side of
a central PBS stream. Eq. 7 (black line) again predicts the diffusion gradient seen experimentally
(green) when x = 2 mm, but performs progressively less well with distance from the junction. Since the
contact planes are close to the centre of the conduit (s; = —0.15, s, = 0.15), the volume of PBS in the
centre is small, and so the concentration of fluorescein in the PBS stream can no longer be considered

as zero. Consequently, the green trace now lies above the black line at position O.

56



Statement of Authorship for joint/multi-authored papers for PGR thesis
To appear at the end of each thesis chapter submitted as an article/paper

The statement shall describe the candidate’s and co-authors’ independent research contributions in the
thesis publications. For each publication there should exist a complete statement that is to be filled out

and signed by the candidate and supervisor (only required where there isn’t already a statement of
contribution within the paper itself).

Title of Paper

Stable diffusion gradients in microfluidic conduits bounded by fluid walls

Publication Status

oPublished o Accepted for Publication

x Submitted for Publication oUnpublished and unsubmitted

Publication Details

Federico Nebuloni, Cyril Deroy, Peter R. Cook, and Edmond J. Walsh

Student Confirmation

Student Name:

Federico Nebuloni

Contribution to the
Paper

Lead author.

Designed experiments in discussion with co-authors an
experiments, collected and analysed data, and

d Performed all
d fi

rst draft of the

manuscript after discussion with co-authors on layout. Prepared final version
and implemented proposed changes prior to submission.

Signature /C: 2 W‘“ /m{- Date

10/10/2023

Supervisor Confirmation

By signing the Statement of Authorship, you are certifying that the candidate made a substantial

contribution to the publication, and that the description described above is accurate.

Supervisor name and title: Prof. Edmond J. Walsh

Supervisor comments

Federico designed experiments in discussion with co-authors and performed all experiments, collected
and analysed data, and prepared first draft of the manuscript after discussion with co-authors on layout.
Prepared final version and implemented proposed changes prior to submission.

Signature ; ') 4_% Date

12/10/2023

This completed form should be included in the thesis, at the end of the relevant chapter.

57




Chapter 5: Flow in fluid-walled conduits driven by
Laplace pressure

Published on Journal of Fluid Mechanics, vol. 969, p. A28 (July 7, 2023)

Authors: Federico Nebuloni, Peter R. Cook, and Edmond J. Walsh

Abstract

In conventional microfluidic devices, fluids are often confined behind solid plastic walls that
restrict access and trap gas bubbles; in open microfluidics, some solid walls are replaced by
fluid ones (i.e., interfaces with immiscible fluids). In both cases, flows are usually driven by
external pumps or gravity. An innovative open technology has been developed in which 2D
patterns of cell-culture medium in standard Petri dishes are confined by fluid walls made of an
immiscible and bio-inert fluorocarbon (FC40). To provide refreshing media flows to cells in
such circuits, an established pumping system that exploits differences in Laplace pressure
across open interfaces has been applied to drive flow without using external pumps: a source
drop autonomously empties through a straight conduit into the rest of the dish (the sink).
Whereas conduits with solid walls have unchanging boundaries and flows within them are well
understood, the challenge is to predict flows in circuits where fluid walls morph as pressures
change. Numerical and semi-analytical equations enabling prediction of changing flows are

developed, and predictions validated experimentally.
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Introduction

Many microfluidics devices had been developed to miniaturize cell culture and better mimic
in vivo environments [1]. Conventional devices are often made of solid plastics and standard
equations for solid conduits can be applied to describe flow within them [2,3]. When cells are
cultured behind solid walls, gas bubbles often cause failures; additionally, solid boundaries
prevent direct access to cell cultures which is often a fundamental request of bio-scientists.
Consequently, an increasing number of open microfluidic technologies are being developed
where some solid boundaries are replaced by liquid interfaces [4,5]. When the Bond number
is much less than 1, typically with volumes of one microliter or smaller, fluid behaviour is
governed by interfacial forces as the effects of gravity and inertial forces become negligible.
Then, an interface between two immiscible fluids can act as a confining wall just as an air/water
interface confines rain drops on a windowpane, hence we use the term fluid-wall as a synonym
for liquid-liquid interfaces. Microfluidic circuits bounded by such interfaces can be
manually/directly accessed simply by piercing through the self-healing liquid walls [6], and
they will never fail due to trapped air bubbles (as they spontaneously rise to the surface).
Moreover, circuits can be fabricated in standard Petri dishes thus using materials well-known
to biologists [7]. However, flows can no longer be predicted using equations derived for
conduits with solid and rigid walls [8—-12] as the fluid interfaces morph according to pressure.

Recently, an innovative open technology known as ‘fluid-walled microfluidics’ has been
developed that is proving especially useful for bio-scientists [13,14]. Cell environments are
created in conventional Petri dishes by reshaping a thin layer of cell-culture medium overlaid
by an immiscible liquid (often the biocompatible fluorocarbon, FC40). Reshaping is achieved
by jetting more FC40 through a nozzle held by a three-way traverse that moves over the dish
as it 'draws’ the desired pattern (Fig. 1A) [15]. The FC40 jet sweeps medium away from the
substrate, and leaves the overlay tightly pinned to the dish. These pinned walls confine the
resulting aqueous circuit, isolating it from its surroundings (Fig. 1B). Such circuits have been

used to perfuse cultured cells [15] and to perform chemotactic assays [16]; however, flows
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were maintained using complex experimental set-ups and external pumps. Therefore, there is
the need to develop automatic (‘passive’) pumping systems that do not rely on external active
pumps. Walker & Beebe [17] proposed a passive pumping system that exploits Laplace
pressure to drive flow from a source drop to a sink through a plastic rectangular conduit. A
water drop was simply pipetted over an inlet, and the surface tension between water and the
surrounding air generated a pressure across the interface (Laplace pressure) that pushed the
aqueous phase through the conduit. Here, we use a similar pumping system that relies on
Laplace pressure generated across the interface between the patterned medium and the
immiscible overlay. Additionally, we propose a closed semi-analytical solution able to predict
the flow rate over time while a source drop empties its volume through a fluid-walled conduit
of known footprint geometry only (as liquid interfaces above it morph), and we validate the

quality of the predictive solutions via experiments.

A Fabrication B Circuit
FC40

_nozzle _+I

FC40 jet sweeps away medium
to leave FC40 pinned to dish

Figure 1: Circuit fabrication.

(A) 3D and side view schematic of the fabrication process.

(B) Exampile circuit printed in a Petri dish overlaid by clear FC40; close-up top view of the circuit.

Problem formulation
We will consider a simple circuit (Fig. 2Ai,ii) that exploits Laplace pressure to drive flow
from the drop (the source), through a straight conduit into the rest of the dish (which acts as a

sink). The aqueous phase throughout the circuit is bounded by the polystyrene substrate and
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fluid walls (i.e., an interface between two immiscible liquids). Flows driven by Laplace pressure
through conduits entirely bounded by solid walls have been widely studied [17-19]. Major
determinants of flow include the pressure of the source drop and conduit geometry, with flows
declining as the source drop empties. Whilst these determinants apply to our case, the fluid
nature of walls introduces additional complexities. For example, conduit cross-section
inevitably morphs as pressure falls from inlet to outlet (Fig. 2Aiii). Recently, a simple power
law has been proposed to describe height variation of a straight fluid-walled conduit when a
constant flow rate is actively perfused through it [20]; it relates cross-sectional conduit height
to the decrease in pressure down the length of the conduit. However, in our case, inlet
pressure constantly varies as the source drop empties. Calver et al. [21] presented an
asymptotic analysis of this problem approximated using thin-film equations, but their solution
lacks experimental validation and our approach simplifies the solution significantly.
Considering the micrometric scale of our system, we assume interfacial forces dominate and
pressure differences at all points in the system are exclusively defined by the Young-Laplace
equation, AP = y(1/R, + 1/R;), where AP is the pressure difference across the interface, y is
the interfacial tension of the pair of fluids, and R, and R, are two orthogonal radii that describe
the curvature of the interfacial surface. In our case, we assume a negligible pressure
difference across the sink-FC40 interface as its curvature is extremely small (Fig. 2B) — an
approximation that holds as long as the sink is infinitely larger than the source drop. As
pressure decreases from source to sink, k. (central height of the conduit) decreases from a
maximum at h;, to a minimum at h,,,; (Fig. 2Ai,ii). When pressures in source, conduit and sink
are equal, there is no flow through the circuit (Fig. 2Bi). However, filling the source drop
increases its curvature, and so source pressure; then, the pressure difference between source
(Psource) @nd sink (Pg;,y) drives flow (Fig. 2Bii) which decreases as the source empties (Fig.
2Biii). In contrast to previous works [17—19], conduit cross-section morphs as the source-sink
pressure difference varies (Fig. 2Biv). Our challenge is to predict the flow rate (Q(t)) through

the morphing conduit as pressures change over time.
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Figure 2: Circuit geometry and pumping principle.

(A) Circuit geometry. (i) Top view. (ii) Side view. (iii) 3D view of the fluid-walled straight conduit.

(B) Flow is driven by changes in Laplace pressure. (i) At equilibrium, all pressures are equal, so there
is no flow. (ii) Adding medium to the source, the radius of curvature (Rs) decreases, and Laplace
pressure increases. (iii) As the source empties, its Laplace pressure gradually decreases until
equilibrium is reached. (iv) As fluid walls are free to morph while pressure diminish, conduit height
progressively falls. h,,;, remains unchanged, as it equals the constant pressure of the sink and hence

is used as a boundary condition.

Governing equation

Deroy et al. [20] derived a differential equation describing h variation for fluid-walled conduits
with known half width (a.) along its length (x) when flowing a having constant viscosity (u) at
constant rate (Q):

dh¢ _ 6.55uac-Q ™)
dx yhd

which when integrated gives the semi-analytical solution

(2)

hout

26.08ua 025

where h,,; is the integrating constant and represents the central height of the liquid interface

of h,,: is small and can be neglected away from the outlet (typically x/a > 5) for most practical
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applications. So for long enough conduits, as those considered in this paper, the second term
on the right hand side is neglected. In our model, the flow rate is not constant and flow cannot
be at steady-state. However, we assume that morphing liquid interfaces rapidly accommodate
pressure changes (i.e., relaxation time is negligible compared to drainage time) so that Eq.2
can model the flow as if at steady-state at each time. In particular, the flow at the inlet of a
conduit of length (L) is:

0.038
Q=—"Tn

ot 3)

where h;, represents the central height of the conduit cross-section at the inlet and it
describes the local pressure (P;,). Such pressure can be expressed as P;,, = (2yh;,)/(a?) if

hin < ac. Therefore, Eq.3 becomes:

0.0024al

In our case, the flow through the conduit is driven by the pressure of the source drop which
is described by considering the geometry of a spherical cap in conjunction with the Young-
Laplace equation to give:

4y hgource

2 2
Asource t hsource

®)

Bsource =

where ag,,rce @and hg,,rce are the footprint radius and maximum height of the source drop
respectively. The equation describing the temporal variation of volumetric flow rate can be
derived assuming pressure at the conduit inlet equals the pressure in the source drop. With

this assumption, Eq. 4 becomes:

VaZ‘ Rource (t) _ AVsource
=
HL (agource + hiource (t)) dt

Q(t) = 0.613 (6)

The volume of a spherical cap can be expressed as:

T 2 T 3
sza h+gh (7)
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Equation Eq. 7 can be differentiated and substituted into Eq. 6 to obtain the governing

differential equation:

dhsource _ 1.227 Vaz hgource (t)
- 5
dt n #L (agource + hgource (t))

(8)

This describes the rate of change of the height of the source drop while the drop empties;
consequently, the volumetric flow rate through the conduit over time can be found. However,
analytical integration of Eq. 8 yields a complex solution, so a Forward-Euler scheme has been
employed to numerically solve it. Nevertheless, considering comparatively flat source drops,
where hgpurce K Asource DOth pressure Eq. 5 and volume Eq. 7 equations can be linearized.
This approximation simplifies Eq. 8 to:

dhsource - _ 1227)/0’2 hgource(t)
dt T AUL aégurce

)

to give height of source drop as:

1

3681y dl 1)3 1
h t) = — "t "
source( ) < T uL a}gurce hg)

where h, is the height of the source drop at t = 0. Then, the variation of drop volume over
time is:
1

2945y dl 1) 3 (1)
7T4 -uL aggurce V03

Vsource (t) = <

where 1, represents source starting-volume. Eq. 11 represents a semi-analytical solution
that predicts the volume decrease of a drop self-emptying into a constant-pressure sink

through a fluid-walled conduit whose cross section can morph according to pressure.
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Comparison with the numerical solution

Eq. 8 represents the behaviour of flows driven by Laplace pressure in fluid-walled circuits
but its solution is non-trivial and can only be achieved through numerical approximations.
Linearization of Laplace pressure and sessile drop volume equations allows derivation of a
simplified differential equation Eq. 9 that holds when hgy,rce K Asource- Figure 3A shows
normalized trends of Laplace pressure Eq. 5 and sessile drop volume Eq. 7, in comparison of
the respective linearized trend. Both approximations are good predictors for small height-to-
radius ratios; for instance, at hgyy,rce/asource = 0.3, the contact angle (6) equals 33.4° and
associated predictive errors of both pressure and volume are below 10% (~ 9% for pressure
and ~ 2.9% for volume). However, both pressure and volume equations diverge from linear
approximations as 6 approaches 90° (hgyyrce/Asource = 1). Therefore, if initially hy/asoyrce =
0.3, the analytical solution shows good agreement with the numerical one (Fig. 3Bi, arrows).
Conversely, if hy/asource i ~ 1 (Fig. 3Bii, arrow heads), the two solutions initially diverge as
source pressure and volume are poorly described by the linearized approximations.
Nevertheless, as the drop empties, pressure and volume linearize, and solutions converge. In
conclusion, we showed the derived solution to be an excellent analytical predictor of Laplace-
driven flows if initial contact angle of the source drop is small (an arbitrary threshold has been
chosen at hy/asy,ce = 0.35 corresponding to 8 ~ 40°, and V,/(a3,,,c.) = 0.55). For greater
contact angles and volumes, prediction is initially poor but quickly improves as 6 falls below

the chosen threshold.
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Figure 3. Comparing analytical and numerical solutions.

(A) Pressure and volume approximations (red) are compared to real trends (black). (i) Young-Laplace
equation (P,,q,: drop pressure if 8 = 90° and hyyrce/Asource = 1), (ii) Sessile drop volume.

(B) Analytical and numerical solutions are compared for different initial volumes. (i) For small initial
volumes (arrows, hgyyrce/Asource = 0.3). (ii) For large starting volumes (arrow heads, hgoyrce/Qsource =
1).

Drainage time

The time needed by a hydraulic system to empty its reservoir is usually known as the
drainage time. In our case, it is the time taken for the source drop to empty through the fluid-
walled conduit. From the semi-analytical solution Eq. 11, the drainage time is:

b= m*ulagsyrce 1 — D*
draim = 29.45yal. D3V

(12)

where D is the fraction of the initial volume left in the source drop (0 < D < 1) after a time
t = tgrain- Although for high initial contact angle the error is large, as the contact angle
reduces, the analytical solution approaches the numerical solution. This is a result of most of
the emptying time being spent at low hg,,rce/Asource Values (Fig. 4B). Therefore, Eq. 12 can
be applied for all values of D only in the range 0 < V,/(a2,,c.) < 0.55. Outside of this range,

as the analytical solution initially diverges from the numerical one, drainage times are
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computed within a 10% error only if D < 0.1. In particular, for a drop with a 90° contact angle
(ho/Asource = 1,Vo/a30urce = 2.09), the associated error in predicting the time needed to empty
50% of the initial volume (D = 0.5) is above 92%, while to empty 95% of the initial volume

(D = 0.05) the numerical and analytical solution converge to give errors of ~ 7%.

Experimental setup

All circuits are created on standard clean polystyrene Petri dishes (Thermo Scientific™
Nunc™ Rectangular Dishes single well; for Fig. 1, 6 cm Corning TCT dishes are used). First,
the dish is filled with 5 ml cell medium (Dulbecco’s Modified Eagle Medium [DMEM] + 10%
fetal bovine serum [FBS] both from Gibco) to wet its surface, the same volume is then carefully
removed in order to leave just a thin layer wetting the surface. This layer is then quickly
overlaid with ~10 ml silicon oil (Si oil; 5 cSt), tetradecane, or FC40 to prevent evaporation.
The dish is placed on the platform of a 3D traverse (Hylewicz CNC-Technik). The tip of a blunt
needle (70 um inner diameter, iotaSciences Ltd) held by the traverse is lowered into the
overlaying silicone oil or tetradecane until ~0.3 mm above the bottom of the dish, and FC40
is jetted out of the needle at 480 pl/min using a syringe pump (PhD Ultra, Harvard Apparatus)
equipped with a 2.5 ml glass syringe (Hamilton). The jet sweeps the DMEM layer off the
substrate while the needle is dragged ~0.3 mm above the dish by the traverse. Commands
controlling the path followed by the traverse are written using G code. Finally, FC40 used for
jetting (immiscible with media, tetradecane, and silicone oil) which accumulates in blobs in the
silicone oil or tetradecane is gently removed manually using a 1 ml lab pipette (when FC40 is
used as overlay there is no need for this). Images of circuits (Fig. 1) were collected using an
Olympus D7100 camera. In Figure 1, blue dye (resazurin sodium salt at 4 mg/ml in distilled
water) was added solely to improve visibility. In order to perform flow tests, a syringe pump
(PhD Ultra, Harvard Apparatus) is equipped with a 50 ul glass syringe (Hamilton) connected
to a blunt metal needle (33G blunt NanoFil™ needle, World Precision Instruments) through a
Teflon tube. Next, the needle (held by a 3D-printed holder) is gently lowered manually until

the tip just pierces the overlay-medium interface in the middle of the source drop. Additional
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medium (DMEM + 10% FBS) is now infused to fill the source drop with the desired initial
volume, and then the needle is withdrawn. Images of the source drop are recorded using a
camera (First Ten Angstrom) (Fig. 4A), and drop heights (h,,ce) determined using FTA32
software (First Ten Angstrom). The outer diameter of the needle (210 um) is used as a
reference length scale. The heights of source drops are measured on each image collected at

a different time; then, flow rates are calculated using Eq. 6, and volumes using Eq. 7.

Results

Source drops with contact angles smaller than 40°

To validate the proposed semi-analytical models, heights of source drops emptying through
conduits of known geometry (a; = 0.29 mm) were recorded every 15 min (Fig. 4A,B); then,
volumes are computed using spherical-cap geometry, and compared with ones calculated
using Eq. 11 (Fig. 4Ci) — using YpmEem, ,grps:sioir = 11 mN/m (a value obtained by pendant-
drop tensiometry). Silicon oil was chosen as the overlay because its density (psioi =
913 kg/m?3) almost matches that of medium (assumed to be that of water). Consequently,
contributions from any hydrostatic forces (not included in Eq. 11) will be minimal. Source drops
were also initially filled with small volume (V, = 1.57 yl and ag,yrce = 1.44 mm) to ensure
Vo/a3urce < 0.55s086, < 40°. The analytical solution yields volumes and flow rates that match
experimentally-determined ones (Fig. 4Ci,ii). Once again, comparison with the numerical
solution reveals the capability of the analytical solution to predict the fluid flow. In addition, we
find the assumptions used to develop the model to be appropriate given the agreement

between the numerical model and the experimental data.
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Figure 4. Experimental validation of derived solutions.

(A) Cartoon illustrating experimental set-up from the side.

(B) Experimental images of two parallel circuits. (i) Schematic of the camera view. (ii) The initial state
with no flow. (iii-v) After filling source drops, drop heights decrease as medium is pumped out of the
sources.

(C) Changes in volume (i) and flow rate (ii) determined experimentally match predicted ones. Error bars

indicate standard deviation (n=3).

Source drops with contact angles greater than 40°

Analogous experiments were performed to validate the numerical solution for any initial
volume of source drop. As here there is no requirement that V,/a3,,, .. < 0.55 , a value
Vo/a3,urce ~ 1 (8, ~ 65°) was used with V, = 3.3 ul. Now, numerical curves match the shape
of experimental ones, but with a consistent offset (Fig. 5A). In accord with common practice
when dealing with microliter volumes, we have assumed thus far that the effects of gravity are
negligible. To investigate whether gravitational effects contribute to the offset, we used
tetradecane (Fig. 5B) and FC40 (Fig. 5C) as overlays as they have densities significantly lower

and higher than the aqueous phase respectively (prerradecane = 702 kg/m3 | prcag =
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1850 kg/m3, with V, = 4.1 ul). Whilst the trends seen experimentally are consistent with
expectations, results are nevertheless complex. Thus, the emptying rate falls as overlay
density increases (Fig. 5D); the hydrostatic head of dense FC40 slows source emptying more
than that of lighter tetradecane (with silicone oil being in the middle). However, the shapes of
all experimental curves overlap predicted curves poorly — which suggests that other
complicating factors may play additional roles. It is worth noting there is an error within 2.5%
and 4.5% between the volume infused by the pump and the one calculated using sessile drop
geometry from experimental measurements. Such errors can be explained by the presence of
small amounts of medium (between 50 and 100 nl) left in the circuit after printing. All
predictions are computed using the volume calculated from geometry not the ‘programmed’

one infused by the pump.
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Figure 5. Comparison of drop volume using overlays with different densities.

(A) Silicone oil (6y = 65.9°, ho/asource = 0.6, YpMEM, 19y pps:sioir = 11 mMN / m).

(B) Tetradecane (8 = 75.1° ho/asource = 0.77, YpMEM, 19 pps:Tetradecane = 12.3 mN / m).

(C) FCA40 (8y = 74.3°, ho/asource = 0.75, YpMEM 199 rps:Fcao = 22.8 mN / m).

(D) Comparison of experimental results with different overlays. Data are normalized over initial
volume (V;) to enhance differences in emptying rates. Experimental data represent average value of 3

replicates.
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Discussion

Our circuit consists of a drop, intrinsically pressurized according to the Young-Laplace
equation, connected to a sink through a fluid-walled conduit (Fig. 2A). The aim is to predict
flow rate as function of time as the source drop empties its volume through the conduit with
morphing fluid walls (Fig. 2B). Flows driven by Laplace pressure through micro-conduits with
solid walls that have unchanging boundary conditions have been studied extensively [17-19].
Here, we build on a power law that describes height changes of cross-sections of a fluid-walled
conduit [20], develop a semi-analytical solution to predict how the height Eg. 10, and volume
Eq. 11 of the source drop decrease over time, and validate predictions experimentally (Fig.
4Ci). Eq. 11 enables prediction of volumes, pressures, and flow rates at any time. Additionally,
it allows quick estimation of drainage time Eq. 12 within 10% error. This solution assumes
liquid interface bounding the circuit to morph rapidly in response to pressures changes. Such
an assumption enables an approximate calculation of the flow with time; flow rate is constant
at all cross-sections of the conduit at any time. This assumption is confirmed by the time scale
analysis proposed by Calver et al. [21]. Using thin-film asymptotics analysis, they showed that
the ratio of the relaxation to drainage time was three orders of magnitude and thereby
supporting the quasi steady-state approach taken here. Therefore, we can consider the central
height of the liquid interface along the conduit to be fully described by Eq. 2. As flow rate
decreases over time Eq. 6, so does conduit height but we assume zero time is needed to
accommodate the change. The derived model requires knowledge of the footprints of the
source and conduit, the initial height of the source drop, the viscosity of the flowing liquid, and
the interfacial tension. The initial height of the source drop sets the starting pressure and can
be easily calculated knowing the volume infused into the source. However, this solution only
applies to shallow drops (wWhere hgyrce K Qsource)s SO We also develop a numerical solution
enabling prediction of the variation in the volume of the source irrespective of starting volume.
Experiments performed under silicon oil show that this numerical solution predicts the

reduction in drop volume reasonably well, but with an offset of ~13% (Fig. 5A). Despite our
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use of microliter volumes, we hypothesized that the increasing discrepancy between
experimental and theoretical results might be due to increasing density differences between
the two fluids and the resultant hydrostatic head. For example, overlaying dense FC40 (ppcao
= 1850 kg/m3) instead of silicone oil (ps;,; = 913 kg/m?3) should double the emptying rate as
the measured tension of the medium-FC40 interface is double compared to the medium-SiQil

one (YDMEM+10%F35:FC40 = 22.8 mN / m and }/DMEM+10%p35:SiOl'l =11 mN / m) HOWGVGI‘, the

emptying rate decreases significantly (Fig. 5D) probably due to the 10-fold difference between
the hydrostatic head of FC40 and SiQil. As FC40 is denser than medium, pressure in the
underlaying aqueous phase is eased by buoyancy forces. Conversely, lighter tetradecane
burdens source drops with extra pressure and so emptying rate increases (Fig. 5D). Figure 5
shows increasing divergence between experimental and numerical predictions as the
hydrostatic-head component increases in importance (~5% for silicone oil, ~15% for
tetradecane, and ~30% for FC40 when 8, = 70°). Nevertheless, experimental and numerical
predictions will always converge in long experiments when the no-flow conditions is reached.
Finally, we also assume a constant value of interfacial tension. However, the culture medium
we use is supplemented with fetal bovine serum, and so contains a complex mixture of
proteins and surfactants. When using pendant-drop tensiometry to measure the interfacial
tension of medium in FC40, we observe a decline in interfacial tension over time. This is
caused by the adsorption of suspended proteins on to the interface [22, 23] and introduces a
time-dependent variable not currently included in our semi-analytical or numerical solutions.
All overlaying fluids tested show a 40% reduction in interfacial tension towards a constant
equilibrium value (that is used in our model). While most changes in interfacial tension will
occur immediately after printing the circuit and before beginning the experiment, we cannot a
priori exclude a small contribution due to such a change during the operation of the circuit.
Nevertheless, we assume such changes in interfacial tension to be small relative to the larger
effects due to density differences. Despite these shortcomings, the use of fluid-walled systems

for feeding cells should prove useful to bio-scientists. For example, existing passive-pumping

72



systems driven by Laplace pressure generate flows for minutes [17, 18], but their micrometric
drops were directly exposed to air and so soon evaporate or require a detailed setup that
prevents this from happening. Conversely, our immiscible overlays reduce evaporation so that
flows driven by Laplace pressure can be performed for hours; for example, flows have been
sustained for 24 h (not shown). As reducing conduit width by 10% doubles emptying time,
much longer times are possible. Additionally, immiscible overlays pin the aqueous phase to
the substrate, so drastically increasing the difference between advancing and receding contact
angles [13]. These characteristics, together with all benefits introduced by fluid-walled
microfluidics [6], make our system particularly suitable to be widely employed by bio-scientists

to automatically perfuse their cultures.

Significance and conclusions

We describe a microfluidic technology where liquid interfaces confine an aqueous phase
sitting on standard Petri dishes. In applications for bio-scientists, it uses culture media overlaid
with a bio-inert fluorocarbon (FC40). Interfaces between two liquids — FC40 and the medium
— firmly pin the microfluidic circuit to the dish, and allow users to directly access every point in
it from above at any time. The FC40 overlay prevents evaporation of the underneath
micrometric aqueous phase which will otherwise dry out in minutes, and it increases the
amount of volume each circuit can contain as it significantly broadens the difference between
receding and advancing contact angle. Here, we derive a simple power law that describes
Laplace-pressure-driven automatic flows of cell culture media through conduits bounded by
upper fluid interfaces, and validate this law experimentally. We believe this semi-analytical
solution will help many bio-scientists design their microfluidic circuits bounded by liquid
interfaces of any kind.
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Abstract

In our brains, different neurons make appropriate connections; however, there remain few
in-vitro models of such circuits. We use an open microfluidic approach to build and study
neuronal circuits in vitro in ways that fit easily into existing bio-medical workflows. Dumbbell-
shaped circuits are built in minutes in standard Petri dishes; the aqueous phase is confined
by fluid walls — interfaces between cell-growth medium and an immiscible fluorocarbon, FC40.
Conditions are established that ensure post-mitotic neurons (derived from human iPSCs)
plated in one chamber of a dumbbell remain where deposited. After seeding cortical neurons
on one side, axons grow through the connecting conduit to ramify amongst striatal neurons
on the other — an arrangement mimicking unidirectional cortico-striatal connectivity. We also
develop a moderate-throughput non-contact axotomy assay. Cortical axons in conduits are
severed by a media jet; then, brain-derived neurotrophic factor and striatal neurons in distal
chambers promote axon regeneration. As additional conduits and chambers are easily added,
this opens up the possibility of mimicking complex neuronal networks, and screening drugs

for their effects on connectivity.
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Introduction

Various in-vitro methods have demonstrated the requirement for complex culture systems
to support neuronal maturation and the manifestation of associated disease [1-3]. Microfluidic
approaches have yielded particularly promising results, as they enable isolation of different
cellular compartments (e.g., somas, dendrites, axons) [4,5]. Compared to conventional in-vitro
cultures, they also permit precise control of cellular environments, and have proven useful in
studies on neurotoxicity [6] and electrical connectivity [7,8]. Nevertheless, conventional
microfluidic devices have limitations that are often attributed to the materials used for
fabrication [9]; they are usually made of a plastic elastomer (polydimethylsiloxane, PDMS)
firmly bonded to a glass substrate, and cells are buried in chambers bounded by solid walls
that prevent insertion of the standard experimental tools used by neurobiologists (e.g., cell
scrapers, patch-clamping pipettes). Consequently, neurobiologists must employ alternative
protocols to use them that are different from their familiar ones.

Recently, Walsh et al. (2017) introduced ‘fluid-walled microfluidics’; this overcomes some
of these limitations by removing most solid boundaries [10]. It is a form of open microfluidics
[11] that exploits properties of fluids at the microscale to confine aqueous environments using
interfaces (i.e., fluid walls) between immiscible liquids (in this case, cell growth medium and a
bio-inert fluorocarbon, FC40). Circuits can be built in minutes in standard Petri dishes, and —
unlike solid walls that cannot be pierced by pipets — fluid walls allow direct access to cells
everywhere in circuits. These walls re-heal automatically when pipets are withdrawn, they can
be destroyed and/or reshaped without damaging cells within them [12,13], and are so
transparent that cell morphology can be monitored using standard microscopes [14]. These
features motivate the use of this technology here.

The cortex and striatum, together with the basal ganglia and thalamus, play an important
role in regulating voluntary movement, learning, executive function, and emotion [15]. Cortical
neurons (CNs) project axons toward the striatum where medium spiny neurons (MSNSs)

constitute up to 95% of striatal subtypes. Connectivity between CNs and MSNs is directional
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and monosynaptic, whilst MSNs communicate with CNs indirectly via downstream circuits,
particularly the basal ganglia [16]. This oriented arrangement of cortico-striatal projections is
critical for their functioning but is often oversimplified by in-vitro co-cultures.

Studies of axonal outgrowth, axotomy, and subsequent regeneration have been facilitated
by the use of compartmentalised chambers that allow separation of cell bodies from their
axons [17,18]; such platforms can also allow pharmacological screening of factors acting
specifically on distal axons [17,19]. In this study, we exploit the advantages of fluid walls to
establish a proof-of-concept model that recreates appropriate arrangements of human CNs
and MSNs. We then go on to develop a method for targeted and localised axotomy of CNs,
and compare the effects of pro-regenerative conditions on axonal regrowth [19-21]; brain-
derived neurotrophic factor (BDNF) and postsynaptic MSNs both have positive effects. In
combination, these approaches provide a method for screening drugs promoting

developmental outgrowth of axons and regeneration of damaged ones.

Results

Jet-printing of fluid-walled micro-circuits shaped like dumbbells

The fluid-walled environment is created in standard polystyrene Petri dishes (6 cm) by ‘jet-
printing’ [22]. A thin layer of cell-culture medium is overlaid by an immiscible, bio-inert, and
clear fluorocarbon, FC40 (Figure 1Ai). Next, a submerged jet of FC40 (Figure 1Aii) sweeps
medium off the plastic substrate to leave FC40 locally pinned to the dish (Figure 1Aiii). The
jetting nozzle (held by a 3-way traverse) now moves laterally above the substrate to draw the
outline of the desired pattern which is held to the dish by interfacial forces acting between the
two immiscible phases and the substrate. Here, we fabricate a 7x3 array of dumbbell-shaped
circuits in each dish; each dumbbell comprises two square chambers (3 mm) connected by a
thin conduit (~0.2 mm wide, 1 mm long, <10 pym high; Figure 1B).

Compared to conduits in conventional devices with solid walls — where access is limited to
inputs and outputs (Figure 1Ci) — all parts of dumbbells are accessible through fluid ceilings
(Figure Cii). Media and/or cells are added to, and removed from, chambers by lowering a
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dispensing needle (also held by the traverse and connected to a syringe pump) through the
FC40 until its tip is near the surface of the medium (i.e., 200 um above the bottom of the dish).
Existing walls/ceilings can also be destroyed and rebuilt (Figure 1Ciii), so circuits can be
reconfigured during experiments [12]. Additionally, fluid walls are freely permeable to vital
gases, so cells in these circuits are grown in conventional CO2 incubators. Finally, the
refractive index of FC40 (1.29) almost matches that of water (1.33), and this permits

undistorted imaging with standard microscopes [14].
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Figure 1. Fabrication and operation of fluid-walled circuits.

(A) Fabrication. (i) In a standard polystyrene Petri dish, a thin layer of cell-culture medium is overlaid
by an immiscible, transparent, and bio-inert fluorocarbon (FC40). (ii) Additional FC40 is jetted (480
pli/min) through a nozzle mounted on a 3D-traverse. (iii) The submerged jet sweeps away medium, to
leave fluid walls of FC40 pinned to the dish along the path of the traverse.

(B) Array of dumbbells after filling each with red and blue dyes. (i,ii) Top and side views of dish. (iii)
Zoomed-in image of one dumbbell (conduit length = 1 mm).

(C) Comparing properties of solid PDMS walls used in conventional devices, with fluid ones.(i) Access
to a conventional device is only through inlet and outlet ports. (i) Medium can be pipetted into or out of
any point in a fluid-walled circuit as liquid-liquid interfaces are easily pierced to re-heal automatically on

withdrawal. (iii) Fluid walls can be destroyed at any time, and different ones recreated on demand
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Local pressures in dumbbells

In all experiments, when cells are deposited in chambers, we require they remain there.
This is impossible to achieve by rapid deposition into a newly-fabricated dumbbell, as this
induces flow that carries them into the conduit (and perhaps into the other chamber).
Therefore, we begin by describing how local pressures within dumbbells can be manipulated
simply to ensure cells remain where plated.

First consider a 1 pl drop sitting in a dish filled with FC40; the drop is shaped like the cap
of a sphere, as interfacial forces minimise the contact area of medium with the immiscible
fluorocarbon. Then, the pressure (P) at the base of the drop is defined by the Laplace pressure

across the medium:FC40 interface, plus the hydrostatic head of overlying medium and FC40.
The Young-Laplace equation gives Laplace pressure, LP =y (1/R1 + 1/R2 ) , Where vy is the

interfacial tension, and R, and R, are two orthogonal radii describing the curvature of the liquid

wall/ceiling. Assuming our chambers have circular footprints like the drop (so Ry = R, =R =

a* + hZ/Zh , wWith a being the radius of the chamber footprint),

4yh

LP =——
a? + h?

(13)

The combined pressure, P, at the base of a chamber then includes the two hydrostatic heads,
SO

4yh
L2 In + Pmeadh + PrcaogNrcao (14)

where p,.q and prcso indicate density of medium and FC40 respectively, g is gravitational
acceleration, h is drop height, and hy.,, the height of the overlay. However, when analysing
the pressure difference between our two chambers (AP), the contribution of hpc49 Can be

expressed as the height difference of the two chambers. Therefore:

h h
AP = 4y (az fh}zg T2 _}_Lh]%> — (Prcao — Pmea) g (hg — hy) (15)
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where hy and h;, indicate right and left chamber height, respectively. h; and h; represent the

only variables in Eq. (15) as they depend on the volume (V) infused into each chamber, and
h
V=230 + h?) (16)

This means the pressure difference can be controlled simply by controlling chamber volume.
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Figure 2. Ensuring liquid pipetted into the left of a dumbbell remains there. P = pressure.
(A) Principles. (i) A dumbbell is flow-free after fabrication. (ii) Medium (4 ul) is added to the right-hand
chamber; this generates a high local Laplace pressure. When 1 ul is immediately added to the left-hand
chamber (creating a lower local Laplace pressure), resulting left-ward flow through the conduit prevents
any of the 1 pl from moving to the right. (iii) Eventually the system equilibrates, and flow ceases.
(B) Pressure difference drives flow. (i) Before filling. (ii) Immediately after filling with different volumes.
(iii) After 24 h, chamber volumes have almost equalised due to leftward flow.
(C) After adding 4 pl blue dye to the right and 1 ul red dye to the left, no red dye flows rightward (top
views). (i) Before adding dyes (dotted line marks dumbbell footprint). (ii) Immediately after adding dyes.
(iii) After 24 h, red dye remains confined in its chamber (which now also contains blue dye).
(D) Changes in pressure (i) and volume (ii) of right- (blue) and left-hand (red) chambers determined
after measuring chamber heights and calculating values using Eq. 1 (P.i4n, and P.f.) and Eq. 3,
respectively. Black curve: pressure difference between chambers. Each dot represents the mean value
of 3 technical replicates, and grey areas the associated standard deviations.
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Ensuring cells remain where deposited

After fabrication, chamber volumes are minimal, walls/ceilings are almost flat (so Laplace
pressures are almost negligible), local pressures throughout a dumbbell are roughly equal,
and the system is in equilibrium (Figure 2Ai, 2Bi). Adding 4 pl into the right-hand chamber
followed by 1 pl into the left-hand one generates a pressure difference that induces leftward
flow through the conduit (Figure 2Aii, 2Bii). As time passes, the system equilibrates and
volumes equalise (Figure 2Aiii, 2Biii). Similarly, after adding 4 ul blue dye into a right-hand
chamber and 1 pl red dye into the left-hand one (Figure 2Ci,ii), red dye is confined to the left-
hand-side for at least 24 h (Figure 2Ciii; note the conduit is filled with blue dye, and the left-
hand chamber contains both dyes). Quantification of chamber pressures and volumes over
time confirm that both converge towards equilibrium values, and that blue pressure is always
greater than red pressure over 24 h (Figure 2D). This confirms that if the right-hand chamber
is pre-filled with 4 ul before adding 1 yl to the left-hand one, there cannot ever be flow
rightward. We use this approach to ensure that when cells are seeded in a selected chamber,
they remain there.

When both chambers have equal volumes, their internal pressures are also equal — and so
there is no flow in either direction. As a result, mass transport between chambers can only
occur by diffusion to generate a concentration gradient in the conduit, with the steepness and
duration of the gradient depending on dumbbell geometry and diffusion constant (see
Supplementary Information). Supplementary Figure 1 and Supplementary Table 1 show how

such a gradient of BDNF changes over time.
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Figure 3. Timelines and culture conditions used to model and study unidirectional outgrowth of
cortical neurons.

(A) Timelines. Yellow and red lines show protocols for generating CNs and striatal MSNs from iPSCs
using standard methods; blue line describes those involved in making and operating fluid-walled
dumbbells. Insets: after plating transduced CNs in left-hand chambers, live-cell images (collected on d
-1 and 18) show NGN2-GFP fluorescence in parts of dumbbells (dotted white lines show circuit edges).
(B) Immunostaining shows compartmentalisation of neuronal domains in CNs (d 25). Cartoon: CNs in
left-hand chamber, CN medium (but no MSNs) in distal one. Nuclei (DAPI) and MAP2-positive dendrites
are confined within the chamber, while only SMI312-positive axons grow into the conduit (dotted white
lines show circuit edges).

(C) Effects of varying distal-chamber content on axonal outgrowth. In all cases, CNs expressing NGN2-

GFP are plated in CN medium in left-hand chambers. Top: cartoons indicating chamber contents.
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Bottom: live-cell epifluorescence images of left end of conduit (d 20); axons extend into conduits in all
three cases. (i) Monoculture control. (ii) Positive control with regenerative medium in distal chamber
(CN medium + 10-fold higher concentration of 100 ng/ml BDNF. (iii) MSNs + MSN medium in distal
chamber (this condition attempts to promote connectivity between cortex and striatum seen in vivo).

(D) Quantitative analysis of axonal outgrowth seen in (C). Outgrowth (fold difference) is difference in
area covered by GFP-expressing neurites in conduits between d 0 and d 20, normalised for GFP-
positive conduit area on d 0 as a function of the number of cells, and expressed relative to their control.
Each dot represents a healthy control-derived line from one differentiation. N = 2 iPSC lines, n = 2-3

differentiations/line. One-way ANOVA with Bonferroni correction; p > 0.05.

Axons outgrow from CNs through the conduit to the distal chamber

Axon pathfinding is led by a variety of molecular cues, both intrinsic [23] and target-derived
[24]. While roles of intrinsic factors have been investigated using dissociated cultures of
neurons in vitro [21,25], less is known about target-derived signals due to difficulties in
recreating the required micro-environments around neurons. Here, we develop a microfluidic
model that recreates such an environment; we exploit the intrinsic physics of fluid-walled
dumbbells (Figure 2), and establish a workflow (Supplementary Figure 2) that confines CNs
in the left-hand chamber as axons grow through the conduit to the right-hand (distal) one.

Figure 3A provides an overview of the 3 major workflows that are now used. In one (yellow
arrow), human iPSCs (induced pluripotent stem cells) are induced to differentiate into (post-
mitotic) CNs using proven methods in standard well plates [26]. In a second (red arrow),
human iPSCs are similarly induced to develop into post-mitotic MSNs, again using
conventional methods [27,28]. In a third (blue arrow), fluid-walled dumbbells are jet-printed in
6 cm polystyrene Petri dishes, then CNs and MSNs plated into dumbbells.

In all experiments that will be described, CNs are deposited into left-hand chambers of
dumbbells (using conditions established in Figure 2), and transduced 3 days later with
lentiviruses encoding (tetracyclin-inducible) neurogenin-2-GFP (NGN2-GFP) to allow live-cell
visualisation of transduced CNs. During subsequent culture (with CN medium in the right-hand
chamber but no cells), axons (now expressing NGN2-GFP) grow through the conduit into the

distal chamber (Figure 3A, insets; compare live-cell images on days -1 and 18). In some
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cases, different media and/or MSNs are deposited on d 0 in the right-hand (distal) chamber.
To ensure that deposited MSNs remain where deposited, we again exploit the approach
described in Figure 2, except that now it is the left-hand chamber that is pre-filled with 4 pl
before 1 ul of cell suspension is plated in the distal one.

As we wish to replicate the spatial organisation of CNs and MSNs in vivo, we require that
CN somas remain confined to the left-hand chamber, and that only axons grow into the
conduit. We confirm successful compartmentalisation by immunostaining (d 25) using domain-
specific markers: DAPI-labelled nuclei and MAP2-positive dendrites are confined to the left-
hand chamber, while the conduit is populated with SMI312-positive axons (Figure 3B).

We have seen that after plating in the left-hand chamber, post-mitotic CNs — with standard
CN (maturation) medium in both chambers — start projecting axons into the conduit between
d -6 to d 0. We now vary contents of the distal chamber at d 0 to see what effects concentration
gradients of diffusing molecules along the conduit have on axonal outgrowth. This is tested in
three different conditions. First, a control where CNs project axons towards distal CN medium
— so there is no chemical gradient in the conduit (CNs-CN medium condition). A second
condition where the distal chamber is filled with CN medium supplemented with 10x
concentration (100 ng/ml) of BDNF (CNs-BDNF medium condition). Third, a more
physiological condition where CNs extend their projections towards a population of MSNs
(CNs-MSNs condition).

Axonal outgrowth in each of the 3 conditions is quantified as the difference of areas covered
by GFP-expressing neurites in conduits measured at d 0 and d 20 (44 = Ay — Ago)- As AA
may vary depending on the number of cells in each chamber making comparison between
dumbbells biased, we divide it by 4,4, to normalise results decoupling them from the effective
count of CNs seeded. Additionally, to compare results from different batches of iPSCs
differentiation, axonal outgrowths in the CNs-BDNF medium and CNs-MSNs conditions are
expressed as the fold-difference of the CNs-CN medium control of the respective batch.

Perhaps surprisingly, neither condition significantly increases axons outgrowth (Figure 3D; p
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> 0.05, one-way ANOVA with Bonferroni correction) suggesting it occurs independently of

BDNF exogenously supplied or MSN-derived molecules.

DARPP32

Figure 4. Modelling of unidirectional pathway between cortex and striatum.

Cortical axons marked with NGN2-GFP grow from the left chamber through the conduit into the distal
chamber containing MSNs. (DAPI — blue — nuclei, MAP2 — red — dendrites, SMI312 — purple — axons,
NGN2-GFP - green — transduced CNs, DARPP32 — yellow — MSN marker; merges indicated).

(A) Top-view schematic of the cortex-striatum circuit in a fluid-walled dumbbell. CNs are seeded in the
left chamber and cultured for 6 days, then MSNs are plated in the distal (right) chamber. White boxes
indicate areas imaged below using various markers.

(B) MAP2-positive dendrites and NGN2-GFP are found throughout the CN chamber (but not DARPP32-
expressing MSNs).

(C) MSNs nuclei remain where seeded and develop MAP2-positive dendrites; they are joined by
SMI312-positive CN axons from the left-hand chamber.

(D) Axons containing NGN2-GFP from transduced CNs are intertwined amongst MAP2- and DARPP32-

positive neurons in the striatal chamber

A unidirectional circuit between cortex and striatum
The CNs — MSNs condition described above provides an in-vitro model for possible
connectivity between cortex and striatum. This prompted a more detailed immunolabelling

analysis on d 25 (Figure 4). Note here that NGN2-GFP (now detected using an anti-GFP
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antibody) is a CN-specific marker, and DARPP32 is a MSN-specific one; MAP2 and SMI312
mark respectively dendrites and axons in both cell types. As expected, CNs the left-hand
chamber express NGN2-GFP plus MAP2, but no (striatal-specific) DARPP32 (Figure 4A,B).
The right-hand end of the conduit contains no nuclei stained with DAPI (confirming somas
remain where plated), but does contain many SMI312-positive axons that appear to invade
the distal chamber with its MAP2-positive dendrites (Figure 4C). The distal chamber is
populated by many (CN-derived) NGN2-GFP-positive axons that ramify amongst MSNs
expressing (striatal-specific) DARPP32 plus MAP2. These results are consistent with no spill-
over of somas from either chamber, and unidirectional growth of CN axons into the distal

chamber where they ramify amongst MSNs.

Axotomy using a micro-jet

We next use a micro-jet to sever axons projecting from CNs through a conduit into an empty
distal chamber. The process involves three steps. First, fluid walls are destroyed by removing
(manually by pipet) the FC40 overlay, and adding ~5 ml medium to the dish; CNs and axons
remain attached to the substrate (Figure 5Ai). Second, a submerged jet of medium (emitted
from the same nozzle used for FC40 jet-printing) is moved perpendicularly by the traverse
across the axons to sever them (Figure 5Aii). Third, new fluid walls are built just outside the
original ones to recreate a slightly larger dumbbell (Figure 5Aiii). To do so, most medium is
gently removed to leave a thin layer, fresh FC40 is overlaid, and a new dumbbell jet-printed
around the original one so that the FC40 stream does not impinge on existing attached cells
or axons (Supplementary Figure 2C). This technique allows targeted axotomy of a chosen
segment within an axon (Figure 5Aiv). Moderate-throughput axotomy in each of the 21 original
dumbbells in one dish is achieved in <90 sec (Figure 5Av). Comparison of live-cell images of
cortical axons expressing NGN2-GFP taken before and after axotomy reveal how local

damage is, with the jet clearing the axotomized area of most cellular material (Figure 5Bi,ii).
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Figure 5. Axotomy assay on fluid-walled microfluidics

(A) Schematics illustrating localized axotomy. (i) Fluid walls are destroyed; cells remain attached to
Geltrex within the dumbbell footprint. (ii) The traverse moves a nozzle that jets medium onto axons and
cuts them. (iii) New fluid walls are jet-printed (using an FC40 jet) to form a new dumbbell slightly larger
than the original ones; after filling the new dumbbell, axons regrow. (iv) Higher-magnification schematic
of the submerged media jet in action targeting axons to generate localised damage. (v) Overview. Red
lines illustrate the path followed by the medium jet nozzle while damaging 21 dumbbells (7x3 array) in
a single 6 cm Petri dish in less than 90 seconds. Solid lines indicate the path already covered; dashed
lines show future nozzle positions.

(B) Representative live-cell fluorescent images of CNs expressing NGN2-GFP pre- and post-axotomy.
(i,ii) Dashed lines mark edges of dumbbell footprints before and after axotomy. (iii, iv) Higher

magnification images taken before and after axotomy.
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Regeneration after axotomy

After printing the new dumbbells around damaged cultures, the three conditions are re-
established with equal volumes of the correct media in each respective chambers (Figure 6Ai),
and then regeneration of axons is monitored for 5 more days (till d 25). Representative
immunostaining on d 25 shows the axotomized area of the conduit refills with axons only
expressing NGN2-GFP and SMI312, but not the dendrite-specific MAP2 (Supplementary
Figure 3). As regrowth after axonal damage may involve target-derived signalling [29,30], we
now compare effects of our three conditions on this regeneration (Figure 6Ai).

As for outgrowth, regeneration is quantified as the area covered by GFP-expressing
neurites growing into a rectangular zone within the cleared area (Figure 6Aii; axon tracts that
are incompletely severed or fully cleared are excluded from this analysis). This zone abuts the
proximal damage line and has the same width of the original conduit (i.e., 200 um) while
extending 300 um into the cleared area. Results are normalised against values seen prior to
axotomy on d 20 to account for differences in axonal numbers and transduction efficiency.
Results obtained with our two different iPSC lines from healthy donors (again with 2-3
differentiations per line) show that both BDNF and MSNs enhance regeneration to roughly the
same degree compared to the control (Figure 6B). These results show that severed CN axons

can regenerate, and that BDNF and MSNs enhance this.
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Figure 6: Effects of distant target-derived factors on regrowth of cortical axons after damage.
(A) Schematic and representative live-cell fluorescent images of CNs expressing NGN2-GFP taken 0-
84 h after axotomy.
(B) Fraction of axotomized area re-covered by axons derived from two different healthy control iPSC
lines (SFC-156-003, SFC- 856-03). N =2-3 differentiations per iPSC line, * p <0.05, ** p < 0.01, *** p <
0.001, two-way ANOVA with Bonferroni correction test. (SFC156-03: CN-CN medium versus CN-BDNF
medium, p > 0.05 at 36 and 60 hours, p <0.01 at 84 hours; CN-CN medium versus CN-MSN, p <0.0001
at 36 hours, p < 0.001 at 60 and 84 hours; SFC856-03: CN-CN medium versus CN-BDNF medium, p
<0.001 at 36 hours, p < 0.05 at 60 and 84 hours; CN-CN medium versus CN-MSN, p < 0.01 at 36 and
84 hours, p < 0.05 at 60 hours; two-way ANOVA with Bonferroni correction test). Furthermore, BDNF
and MSNs exert comparable positive effect on cortical axonal regeneration (for both iPSC lines, CN-
BDNF medium versus CN-MSN p > 0.05, two-way ANOVA with Bonferroni correction test).

91



Discussion

Our strategic goal is to develop microfluidic methods facilitating the production of, and
experimentation on, neuronal circuits of any type in vitro; critically, we require that these
methods should fit easily into bio-medical workflows. We describe proof-of-principle
experiments illustrating individual steps towards this end. We begin by fabricating in minutes
dumbbell-shaped micro-circuits in standard Petri dishes (6 cm; Figure 1), and develop
conditions ensuring that cells plated in one or other chamber remain where deposited (Figure
2). Next, post-mitotic CNs derived from human iPSCs are now seeded in left-hand chambers
of the dumbbell, so axons grow through connecting conduits of 1 mm to distal chambers
(Figure 3A,B). Outgrowth of cortical axons is compared against three different targets in the
distal chamber (Figure 3C,D); results show such outgrowth is not enhanced by BDNF. This
result aligns with previous studies on mouse primary neurons [31] where high levels of BDNF
did not boost normal distal growth. As the BDNF signalling pathway is usually conserved
across species [32], we expected to see a similar response here. However, as far as we are
aware, this is the first report on the influence of external diffusible factors on axonal outgrowth
of human CNs in vitro, hence, modulation by BDNF as well as other neurotrophins will require
further investigation. Interestingly, as also MSNs show no effect on normal healthy outgrowth,
we hypothesise axonal outgrowth of post-mitotic iPSC-derived CNs to be independent of
endogenous postsynaptic targets.

We then develop a circuit in which axons project from CNs in the left-hand chamber,
through the conduit, and on to ramify amongst MSNs in the distal one (Figure 4). We anticipate
such circuits will prove especially useful for studying cortical-striatal connectivity because they
are so accessible to biologists. For example, an obvious next step is to examine electrical
connectivity using patch clamping [33] and/or super-resolution calcium imaging [34]; our
circuits can be built on glass surfaces and incorporated into both workflows without

modification.
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Similar to previous works [31,35], we also develop a moderate-throughput axotomy assay
in which axons growing through conduits are severed by a fluid jet (Figure 5). In contrast to
existing methods that use mechanical stresses [36,37], vacuum aspiration [19,38,39], toxins
[40] for axotomy — all procedures that might be expected to yield poor reproducibility [41], we
hope our (arguably non-contact) method will yield more consistent results. However, in our
assay, the quality of the axotomy depends on cells density and age as these parameters affect
the thickness of the axonal bundle; ‘cut’ parameters like jet flow rate, nozzle height above the
dish, and traverse speed are finely tuned to achieve the desired result. Using this assay, we
show that BDNF or MSNs in distal chambers promote axon regrowth (Figure 6). Here, the
heightened demand for BDNF following axon injury [42] might explain the observed positive
effect on axonal regeneration despite the neutral effect shown on axonal outgrowth.

In conclusion, we have recreated a basic micro-circuit containing human neurons that
mimics the unidirectional connectivity seen between cortex and striatum in vivo, as well as
developing a moderate-throughput axotomy assay. Our approaches benefit from the intrinsic
advantages provided by fluid walls that include ease of circuit fabrication and operation, plus
compatibility with existing bio-medical workflows. As additional conduits and chambers can be
easily added, we anticipate these approaches will expand the experimental toolkit available

for the study of human neuronal networks in health and disease.

Materials and methods

Fluorocarbon 40 (FC40)
FC40 was purchased from 3M. FC40S™R (iotaSciences Ltd, Oxfordshire, UK) is a compound
treated with a proprietary method to improve formation of fluid walls. Throughout the article,

the term ‘FC40’ is used to refer to FC40S™R,
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The fluid printer

The printer (iotaSciences Ltd, Oxfordshire, UK) consists of 3D traverse with two printing heads
(two blunt needles of different internal diameters) plus a built-in software. Each needle is
connected to a syringe pump through Teflon tubes. One needle (70 um internal diameter) is
attached to a syringe containing FC40 and it is used for jet-printing; this is the jetting needle.
The other needle (255 uym internal diameter) is attached to a syringe normally with ethanol to
guarantee sterility as this needle is used to handle samples; this is the dispensing needle.
Needles can be moved above the surface of a Petri dish as pumps infuse liquids.

In our design, 21 dumbbells are printed in each dish by the jetting needle on d -7. Thereafter,
every volume infusion/removal from chamber is operated by the dispensing needle. Every
operation on one chamber of dumbbells (either left or right), is repeated to all dumbbells in the

dish before starting any task on the opposite chamber.

Generation of iPSC-derived post-mitotic cortical neurons

This is the yellow pathway in Figure 3. Generation of CNs from two iPSC control lines from
healthy human patients (EBiSC409 Cat# STBCi101-A, RRID:CVCL_RD71), and SFC856-03-
04 (RRID:CVCL_RCB81) is adapted from an established protocol [26]. In brief, neuronal
development is induced with dual SMAD inhibitors 10 yM SB431542 (Tocris) and 118 nM LDN
(Sigma) for 25 days (d -33 to d -8). These progenitors (d -8) are now transduced with
lentiviruses that encode a doxycylin-inducible tetO promoter driving constitutive expression of
rtTA and mouse neurogenin-2 (Ngn2) [43]. A puromycin resistance gene is also co-expressed
to select for cells expressing Ngn2. (See Data Availability for more information about this

differentiation protocol).

Generation of iPSC-derived post-mitotic medium spiny neurons
This is the red pathway in Figure 3. Two iPSC control lines (SFC156-03-01 and SFC856-03-

04) are differentiated into MSNs using conditions modified from established protocols [27,28].
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In brief, neural induction of sub-pallial identity is initiated by dual SMAD inhibitors — 10 yM
SB431542 (Tocris) and 118 nM LDN (Sigma) — and inhibition of WNT signalling — 4 uM XAV
(Tocris) — from d -16 to d -8. From d -8 to d 0, SB431542 is removed and neurogenesis in the
culture is mediated by LDN and XAV. Activin A (25 pg/ml; SKU# SRP3003), the key regulator
of TGF-B signalling, is added from d -4 to d 0. (see Data Availability for more information about

this differentiation protocol).

Fabrication of dumbbells

This is the blue pathway in Figure 3 from d -8 to d -6. On d -8, 6 cm Petri dishes are pre-coated
with 7 ml of poly-D-lysine (0.01 mg/ml) overnight. On d -7, dishes are washed twice with PBS
and subsequently loaded with Neurobasal medium (1 ml; ThermoFisher) supplemented with
1x B27 (ThermoFisher). After at least 5 minutes, medium is manually removed to leave a thin
layer (~50 pl) attached to the bottom of the dish, and FC40 (~2 ml) gently pipetted on to this
thin layer. An array of 7x3 dumbbells is now jet-printed using a fluid printer (iotaSciences Ltd.)
(Soitu et al., 2020). When used with cells, dumbbell chambers are each loaded with 2 pl

Geltrex™ (0.46 mg/ml; ThermoFisher) and incubated at 37°C overnight (to d -6).

Maturation media used for culturing in dumbbells

Cortical maturation medium (CN medium) used from d -6 to d 25 and beyond: Neurobasal, 1X
B27 with vitamin A, 1X Glutamax, penicillin/streptomycin (50 U or mg per ml) (1:200), 1 mg/ml
doxycycline (1:1000), 10 ng/ml BDNF, 10 ng/ml NT-3 (1:1000), 200 ng/ml laminin (1:5000),
200 mM ascorbic acid (1:1000). This corresponds to Ngn2 base medium from protocol
dx.doi.org/10.17504/protocols.io.bp2169qr5lge/v1.

Cortical maturation medium + 10x BDNF (BDNF medium) used from d 0 to d 25 and beyond:
CN medium with 100 ng/ml BDNF.

Striatal maturation medium (MSN medium) used from d 0 to d 8: DMEM/F12 basal medium,

1% MEM Non-Essential Amino Acids (NEAA), 1% L-glutamine, 1x B27 without vitamin A, 1%
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penicillin/streptomycin  (P/S), 0.05% [p-mercaptoethanol. This corresponds to striatal
maturation medium 1 from protocol dx.doi.org/10.17504/protocols.io.eq2ly79prix9/v1.

Striatal maturation medium (MSN medium) used from d 8 to d 25: 50% DMEM/F12 basal
medium, 50% Neurobasal, 1% MEM Non-Essential Amino Acids (NEAA), 1% L-glutamine, 1x
B27 plus vitamin A, 1% penicillin/streptomycin (P/S), 0.05% B-mercaptoethanol. This
corresponds to striatal maturation medium 2 from protocol

dx.doi.org/10.17504/protocols.io.eq2ly79prix9/v1.

Plating CNs in left-hand chambers and transduction.

This is the blue pathway from d -6 to d 0. On day -6, 2 pl is removed from each chamber, 4 pl
cortical-maturation media deposited in the right-hand chamber (to create a positive pressure
gradient toward the left chamber), and post-mitotic CNs plated (1 pl containing 13,000 cells in
cortical maturation medium) in each left-hand chamber. On day -3, CNs are transduced by
adding 2 pl lentivirus encoded NGN2-GFP in cortical maturation medium (50 ul of viral stock/2
ul) to the left-hand chamber, and 1 pl fresh medium without lentiviruses to the right-hand one
(to give ~4 pl/chamber). On d -2, 4 pl is removed from each chamber and 4 pl fresh medium

added back (to wash away free lentivirus).

Varying conditions on d 0

On d 0, both chambers initially contain ~4 pl cortical maturation medium, with CNs in the left-
hand one. Now, contents of the distal chamber are varied to give the 3 conditions (CNs-CN
medium, CNs-BDNF medium, and CNs-MSNs). For all conditions, 4 ul is removed from both
chambers, and 4 yl CN medium added to the left-hand chamber. Next, 1 pl of either CN
medium, or CN medium plus 100 ng/ml BDNF, or a MSNs suspension (13,000 cells in MSN

medium). As before, a pressure difference confines MSNs and BDNF to right-hand chambers.
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Culturing CNs in dumbbells without MSNs after d 0

This is the blue pathway from d 0 to d 25 and beyond for the CNs-CN medium and CNs-BDNF
medium conditions. On d 2, both chambers were completely emptied (removing ~4 pl from
each chamber). Then, 4 yl CN medium is added to the CN chamber and 4 pl of either CN or
BDNF medium to the distal one (to give 4 pl/chamber). Every 48 h thereafter, half the specified
medium present in a chamber is replenished by removing 2 ul spent medium and then adding

back 2 pl fresh medium of the same kind.

Culturing CNs in dumbbells with MSNs after d 0

This is the blue pathway from d 0 to d 25 and beyond for the CNs-MSNs condition. On d 2,
both chambers are completely emptied (removing ~4 ul from each chamber). Then, 4 pl of
fresh CN medium is added to CN chamber and 4 uyl of MSN medium containing 200 nM
cytosine arabinoside (araC) to arrest proliferation of any non-neuronal cells in the population
to the distal one (to give 4 pl/chamber). Every 48 h thereafter, half the medium in each
chamber is changed by withdrawing 2 ul and adding an equal volume of fresh medium; this
gradually dilutes araC over MSNs. On d 8, a full medium change is done to switch MSNs to a

new MSN medium (see Maturation media used for culturing in dumbbells).

Axotomy

Fluid walls are destroyed by gently pouring all FC40 out of the dish followed by two washes
with cortical maturation medium (care is taken to prevent cell/axon peeling). Directed axotomy
is performed automatically using the fluid printer by modifying an existing procedure [44]. A 1
ml glass syringe (Hamilton) filled with Neurobasal medium (Thermofisher) is connected via
Teflon tubes to the jetting nozzle. Then, a medium jet is ejected (480 pl/min) from the nozzle
(70 ym inner diameter) held 0.3 mm above the dish as the traverse moves (960 mm/min) the
nozzle in a straight line perpendicular to the axons' main direction of outgrowth (Figure 4B).
Following axotomy, dishes were re-filled with fresh FC40, and new fluid walls jet-printed
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around the original footprint. The new dumbbells have larger footprints (chamber area =
3.5x3.5 mm?, conduit length = 0.5 mm, width ~400 pm) to avoid damaging attached
cells/axons. 4 pl fresh cell medium is deposited into each chamber.

Figure 6 summarises data obtained from 2-3 differentiations per cell line, and measurements
from 100-150 dumbbells/differentiation. Another ~30% dumbbells are discarded due to
incomplete severing or clearing of axons in the axotomised area of the conduit, and/or
incomplete rebuilding of new dumbbells (which results in media leakage). [Fluid walls are
almost always built successfully on virgin Petri dishes, but success rates are lower when
building on dishes that have been covered with a thin skim of medium overlaid with FC40 from

d-7tod20]

Imaging

All fluorescent live-cell images of dumbbells are taken with a digital single-lens reflex camera
(Nikon D7100 DSLR) connected to an epifluorescence microscope (Olympus IX53). Images
are analysed using Cell Profiler 3.8 (RRID: SCR_007358) to describe and quantify axon

outgrowth and regrowth.

Immunostaining

All FC40 is discarded from the dish, cultures washed twice with PBS, fixed (2%
paraformaldehyde, 20 mins at room temperature, RT), and washed three times with PBS.
Fixed samples are now incubated (80°C, 5 min) in citrate buffer pH 6.0 (ThermoFisher), and
left for 10 mins at RT. Permeabilization and blocking are performed concurrently in PBS, 10%
donkey serum, and 0.01% Triton X-100 for 10 mins. Following incubation with primary antibody
in PBS and 10% donkey serum overnight at 4°C, samples are washed with PBS, and
incubated in species-appropriate Alexa Fluor© secondary antibody in PBS with 10% donkey

serum for 1 hour at RT. Supplementary Table 1 list antibodies used. Images are acquired on
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an Invitrogen EVOS ™ FL Auto (ThermoFisher) cell-imaging system, and processed using

ImageJ (RRID:SCR_003070) [45].

Measuring pressures and volumes in chambers

Dumbbells are printed in wide rectangular plates (Thermo Scientific™ Nunc™ Rectangular
Dishes single well) to improve imaging from the side, as the curved plastic walls of 6 cm dishes
distort views. Chambers are jet-printed as before after filling a dish with ~5 ml DMEM + 10%
FBS, removing all but a thin film, and overlaying ~10 ml FC40. Using a fluid printer modified
to host rectangular dishes (Hylewicz CNC-Technik). The same medium is infused into
chambers by a syringe pump (PhD Ultra, Harvard Apparatus) equipped with a 50 pl glass
syringe (Hamilton) connected to a blunt metal needle (33G blunt NanoFil™ needle, World
Precision Instruments) through a Teflon tube (Zeus Company Inc.) to generate the desired
initial volume/pressure difference. Volumes are dispensed following the same sequence used
during experiments with neurons. Thus, 4 pl are initially infused in the right-hand chamber,
followed by 1 ul into the left-hand one. Images of the two chambers equilibrating are recorded
from the side every 30 min for 24 h using a camera (First Ten Angstrom) placed perpendicular
to the connecting conduit (Figure 2B). Chambers heights are measured using FTA32 software
(First Ten Angstrom) and the outer diameter of the dispensing needle (210 ym) as a scale
reference. Heights are converted into pressures and volumes (Figure 2D) using equation 1

and equation 2, respectively.

Statistical analysis

All data are presented as mean + standard error of the mean (SEM) unless otherwise stated.
Raw data are tested for normality and statistical comparison of the means is performed using
one- or two-way ANOVA with Bonferroni post-hoc test; a difference is considered significant if
p < 0.05. All statistical analyses are performed on GraphPad Prism 6.0 (GraphPad Software,

RRID:SCR_002798).
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Data Availability. The data that support the findings of this study are deposited on Zenodo (DOI
doi.org/10.5281/zen0d0.7924431). All details of the antibodies, cell lines, and software used in this work
are available on Zenodo (DOI doi.org/10.5281/zenodo.7924431). Protocols associated with this work
can be found on protocols.io (DOI dx.doi.org/10.17504/protocols.io.36wggjwwxvk5/v1). The custom G-
Code scripts used in this study to jet-print the microfluid-walled dumbbells are available at
https://github.com/craggASAP/microfluid_axotomy.git.
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Supplementary Information

Determination of concentration gradients in dumbbells

Consider the dumbbell in Supplementary Figure 1, where chambers are filled with equal
volumes, and transport of molecules through the conduit is driven only by diffusion to generate
a concentration gradient from right to left. Prediction of those gradients represents a crucial
step in understanding the roles of target-derived signals like BDNF or other MSN-derived
factors. Using Fick’s 2nd law, concentration (c(x,t)) in the conduit can be approximated by the
solution to the one-dimensional diffusion equation for a semi-infinite medium with constant

concentration at the boundary [46].

c(x,t) = Cyerfc <2\7D_t) (S1)

with C, being the initial concentration in the right-hand chamber, D the diffusion coefficient,
and x and t being space and time respectively. Equation S1 allows estimation of the time

necessary for the gradient to reach steady state (tsteqq,), arbitrarily quantified as the time

2
required for 30% of C, to reach the other end of the conduit (x = L), tsteqay = %(m) :

The value of 30% is chosen so that the maximum error between the gradient profile (Eq. S1)
and the linearized approximation is smaller than 10%. Once steady state is reached, the
concentration gradient can be considered linear and remain stable for a time t = t;jneqr-
Deriving from Fick’s 1%t law and defining it as the time needed for the concentration in the left

chamber to increase by 5% of C,, one gets:
tiinear = 1.05 —— (S2)

where m,,,; is the mass of molecules transferred between chambers and A, is the cross-
sectional area of the connecting conduit. Unlike conduits with solid walls that have fixed cross
sections, ones with fluid walls morph as pressures change. If conduit widths (2a,.) remain

unchanged (as fluid walls are firmly pinned to the plastic substrate), heights (h.) vary
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depending on pressures applied. In particular, for a cross section like in Supplementary Figure

1B and assuming h. << a . at all times, one can prove:

3
_ (G )\ |( & -—1(2_’10)_ 2 2
A. (ZhC)KZhC)Sln a a‘. + 2h*,

where h, cannot be considered constant. However, when both chambers enclose the same

(S3)

volume, the dumbbell is in equilibrium and pressure is equal everywhere (Eq. (13)). Such

equivalence allows derivation of a relationship between chamber and conduit heights:

(zazc hchamber)

=72 2
(a chamber +h chamber)

hC - Apgazchchamber (84)

With Equation 2, this directly relates chamber volumes and areas of conduit cross sections.
Equation S4 has been derived assuming no hydrostatic head of pressure acts in the conduit.
In Table S1, conduit heights and areas are computed for a dumbbell containing 4 pl in each
chamber and diffusion parameters are calculated for transport of BDNF (D = 12.6 X
107 ¢m?/s) [47]. Values are computed for dumbbell geometries used (m,,,; = 0.02 ng;
growth: hepamper = 1.07 mm, acpgmper = 1.42 mm; regrowth: A pgmper = 0.85 mm, acpamper =
1.67 mm) pre-axotomy to compare cortical axonal growth, and post-axotomy to analyse
regrowth. Supplementary Figure 1C illustrates the linear concentration gradient of BDNF at
t = tinear, SO that its concentration in the right chamber equals C0=0.1 ng/ul and the one in
the left chamber is 0.015 ng/ul (0.01 ng/pl initially present in the chamber plus 0.005 ng/ul

transferred over t;ineqr,).

Supplementary Table 1. Geometrical parameters of dumbbells with different sizes and
respective diffusion times of BDNF

Bioassay Conduit geometry Diffusion parameters
length [mm] | width [pm] | height [pm] | area [um?] | tseeaqy [Min] | tyipeqr [d]

outgrowth 1 200 5 624 60 30

regrowth 0.5 400 13 3513 15 5
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Supplementary table 2: Primary antibodies

Host

axonal, cocktail)

Antibody Target . Dilution Source Cat # RRID
organism
Anti-DARPP32, DARPP32 Donkey 1:250 Abcam ab40801 RRID:AB_731843
monoclonal
Anti-DARPP32, DARPP32 Donkey 1:250 Sigma- HPA048630 | RRID:AB_2680468
polyclonal Aldrich
. Microtubule-
Anti-MAP2, associated Donkey 1:250 Abcam ab92434 | RRID:AB_2138147
Polyclonal .
protein 2
Neurofilament
Anti-SMI312, marker (pan Donkey 1:250 Biolegend 837904 RRID:AB_2566782
monoclonal
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Supplementary Table 3:

Secondary antibodies

Host

Antibody Target . Dilution Source Cat # RRID
organism
Alexa-Fluor 647 Mlgl?se Donkey 1:1000 Invitrogen A31571 RRID:AB_162542
Alexa-Fluor 647 ngtﬁ)it Donkey 1:1000 Invitrogen A-31570 RRID:AB_2536180
Alexa Fluor 555 Cr':i%i;en Donkey 1:1000 LifeTechnology A78949 RRID:AB_2921071
DAPI (4',6-
N : RRID:AB_2307445
Er']aer:;ﬂ'r:‘é’oi DAPI NA 11000 | NSO sher D1306 or
. ’ RRID:AB_2629482
Dilactate) —
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Supplementary Figure 1. Diffusion gradients in fluid-walled dumbbells.

(A) Side view of dumbbell with 4 pl in each chamber. In all examples shown here and elsewhere, the left-
hand one hosts cortical neurons.

(B) Schematic of dumbbell with equal volumes. In this case, BDNF molecules diffuse through the conduit,
so any axons from CNs will sense a concentration gradient. Lower panels show central cross sections of
a chamber and connecting conduit which have shapes of circular segments (as they are bounded by
liquid interfaces).

(C) Linear approximation of BDNF concentration gradient inside the conduit at t = t;;,.4, , When the left
chamber (x < x,) contains cortical maturation medium (initially Czpyr = 0.01 ng/pl) and the right one (x >

x,) contains cortical maturation medium with 10-fold BDNF concentration.
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Culturing process (side and top view) and timeline summary

i jet-print circuit medium

. e .- FCA0 walls

d-8
PDL coat

d-7
jet

—M— Geltrex

FC40

ressure
1l P! . . plate

iv monitor axonal outgrowth

FC40

. —

v damage axons

remove medium and re-add FC40

P NN

vi monitor regrowth

d 20

damage

Supplementary Figure 2. Culturing neurons in fluid-walled dumbbells.

vary conditions
in distal chamber

Overview of most relevant steps followed to culture CNs and perform axotomy in fluid walled dumbbells

(top view, side view, and timeline). The culturing protocol is summarised (from d -8 and d 20) between (i)

and (iv). The axotomy assay (from d 20 onwards) is shown in (v) and (vi).
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Supplementary Figure 3. Regeneration after axotomy.

NGN2-transfected CNs project axons through the conduit. After 26 days of culture, dumbbells are
destroyed, axons damaged and new dumbbells re-built to monitor regrowth of axons. Immunostaining
images captured 5 days post axotomy show neuronal-domain markers (MAP2 — red — dendrites, SMI312
— purple — axons) and CN marker NGN2-GFP (green). All regenerated neurites are cortical as they
express SMI312 and NGN2-GFP, while dendritic MAP2 is absent (arrow and arrowhead mark two
examples). Dashed lines indicate the approximate position of the edges of the newly-built footprint; most

regenerated neurites are confined to the footprint of the original dumbbell and the Geltrex coat.
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Chapter 7: Discussion

This thesis served as a comprehensive analysis of the main characteristics of fluid-walled
microenvironments. It proposed to understand properties and fundamental behaviours of liquid
interfaces formed between an aqueous phase and a fluorocarbon to expand applications of this
technology.

The model derived in Chapter 4 proposed a model to predict stable concentration gradients
generated by diffusion of molecules between parallel laminar streams flowing through a straight
fluid-walled conduit. The work highlighted differences and similarities with equivalent studies
made in solid PDMS devices (Hausler et al., 2012; Kamholz et al., 1999) and presented the
unique characteristics of flows through conduits bounded by fluid walls (Deroy, Stovall-Kurtz, et
al., 2021). Such features proved fundamental to derive, and experimentally validate, a
mathematical model using a fluorescent tracer of known diffusivity (Dy, = 1.07 X 1071% m?/s)
computed using the Einstein-Stokes equations at room temperature. The theoretical predictions
provided best fit of experimental gradients when solutions were computed using a diffusion
coefficient of 1.1 x 10719 m? /s in reasonable agreement with D,,. The model has been derived
from the advection-diffusion equation assuming steady streams to be infinitely large reservoirs.
This assumption simplified the model to a semi-analytical solution that can be applied without
need of numerical computations, but it limited the range of flow and geometrical conditions in
which such solution can be applied. Results showed great agreement between experimental
data and theoretical prediction when Fourier number is of the order of 10~2 or smaller. However,
those low Fourier numbers usually fit the experimental needs of potential users and similar
devices have been already applied to induce chemotactic responses in bacteria (Deroy,
Wheeler, et al., 2022; Oliveira et al., 2022) and macrophages (Deroy, Rumianek, et al., 2022).
Despite promising results, this system suffered a major shortcoming; flow required usage of
external pumps. Such pieces of equipment are not commonly used by biologists and lower the

experimental throughput as they require a complex experimental setup — and this may deter
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bio-scientists unfamiliar with microfluidic methods. Consequently, there was the need to develop
pumping systems that do not rely on external apparatus.

Automatic systems that use differences in intrinsic pressures to drives flows are called
‘passive’. In the last decade, several passive systems have been incorporated into conventional
microfluidic devices with solid walls (Goral et al., 2015; Kheiri et al., 2023; Walker & Beebe,
2002). Building on a previous work (Walker & Beebe, 2002), Chapter 5 introduced a system
that exploited the Laplace pressure generated across the fluid walls of a drop (source) to pump
its volume through a conduit into a large sink. Here, as the conduit was also confined by fluid
walls, its cross-sections morphed as source pressure changes (Deroy, Stovall-Kurtz, et al.,
2021), thus previous studies no longer applied (E. Berthier & Beebe, 2007; Chen et al., 2009).
This work developed a semi-analytical solution that predicts volumetric flow rates over time as
the source drop empties, and validate predictions experimentally. This allowed to estimate the
drainage time of the circuit; a key parameter in biological applications (i.e., cells perfusion).
However, this solution only applies to shallow source drops (contact angle < ~40°). So, a second
(numerical) solution has been proposed to model flow rates regardless of the initial contact
angles. Both solutions assumed the fluid walls morph rapidly to accommodate pressure
changes. This assumption was confirmed by Calver et al. (2020) who proved the relaxation time
of fluid walls is three orders of magnitude smaller than drainage time, thus negligible.
Experimental results proved these solutions to be good predictors when hydrostatic components
of the pressure are minimised. When the density of the overlay significantly differed from the
density of the aqueous phase in the circuit, also theoretical predictions diverged from measured
data. Despite these limitations, this work represents a first contribution to allow for more-
complex modelling of passive pumping systems in fluid-walled circuits. In general, it proposed
a fundamental study to assist design of dynamic (with flow) microfluidic cell cultures inside
standard Petri dishes increasing the throughput compared to currently available ones.

An example is represented by Chapter 6 where a new application of fluid-walled microfluidics
into neuroscience was shown. This work proposed to recreate in vitro a simplified model of the
unidirectional brain circuit between cortex and striatum inside fluid-walled microenvironments
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shaped like dumbbells; two chambers connected by a thin conduit in which cells could send
projections. Cortical neurons derived from human induced Pluripotent Stem Cells (hiPSCs) are
cultured alongside with hiPSCs-derived striatal neurons (Pennartz et al., 2009; Shepherd,
2013). Neuronal populations used in these studies (Ng et al., 2022), have been previously
validated in conventional cultures demonstrating expected mature electrophysiological
phenotypes (Beccano-Kelly et al., 2023; Hartfield et al., 2014), and correct gene expression
(Beevers et al., 2017; Sandor et al., 2017). Additionally, same cells proved to be an excellent
model to explore striatal circuitry by using a PDMS microfluidic device where cortical, striatal,
and dopaminergic neurons have been co-cultured (Do et al., 2023).

Using fluid walls, the directional connectivity between the two neuronal populations has been
achieved plating cortical cells in one chamber, let axons grow and invade the opposite chamber,
and then plate striatal cells over cortical axons terminals. As both chambers were always
connected and fluid walls prevented use of classical valves to isolate compartments, isolation
of neuronal bodies in the desired chamber required alternative methods. Laplace pressure in
chamber was controlled by varying the volume in it, and findings of Chapter 5 have been
employed to create a pressure gradient against the chamber we wanted to isolate neurons into.
Additionally, this chapter introduced a method to sever axons growing in the connecting conduit
in a targeted way exploiting the unique ability of fluid walls to be reconfigured/reshaped at need.
Fluid walls were destroyed without harming the cultured neurons, axons were damaged around
their midpoint by a hydro-jet, and dumbbell circuits rebuilt to quantify regrowth of severed
neurites. Results highlighted that the presence of striatal neurons boosted the regrowth of
cortical axons inducing a repair like the one showed in presence of the known growth stimulator
(BDNF). The damaging method resembled the one proposed by Kimpinsky et al. (1997) and
Bertrand et al. (2005). In contrast to common alternatives that employed vacuum aspiration
(Nagendran & Taylor, 2019) or chemicals (L. Li et al., 2012) for severing axons, the one
proposed here yielded higher reproducibility and better targeting of the damage site. Although
this work represented just a preliminary study, it showed beyond doubt the versatility of fluid-
walled environments and it presents the first ‘Organ on Chip’ that uses this technology.
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Chapter 8: Conclusions and Future developments

This chapter provides a concise summary of the entire thesis. It highlights the key points from
each chapter to address the objectives outlined in Chapter 1. Additionally, it outlines future

developments in the chronological order | anticipate they can be accomplished.

Conclusions

The literature review in Chapter 2 set the context with a detailed overview of the evolution of
microfluidics. It started from first observations of fluidic phenomena at the microscale to end
with the onset of latest open microfluidic technologies. It described technological advances and
limitations that induced such transformation.

Microfluidics with fluid walls has been introduced in Chapter 3. This section presented the
geometry of main microenvironments used throughout the thesis (sessile drops and conduits).
Additionally, it derived equations describing pressure and shape of morphing fluid walls of a
conduit during laminar flow.

Chapter 4 replicated the design of a classic microfluidic (T-)H-sensor, though here bounded
by fluid walls, able to generate stable diffusion concentration gradients of solutes flowing in
parallel laminar streams. Building upon the solution for flow in a conduit with fluid walls, a semi-
analytical solution for diffusion has been derived. This differed from more classical solution due
to the shape of the conduit and flexibility of fluid boundaries which were accounted for
throughout the theoretic analysis. The theory was validated with a wide range of experiments
and all data was found to collapse onto a single 2-D equation.

Chapter 5 presented a simple passive system that exploits Laplace pressure to drive flow
from a source drop to an infinitely large sink through a fluid-bounded conduit. A semi-analytical
solution predicting volumetric variations of the source drop over time has been derived and
experimentally validated assuming negligible any gravitational effect. Such solution enabled to
estimate the drainage time of the source drop with less than 10% error.

Chapter 6 introduced a novel fluid-walled microenvironment aimed promoting unidirectional
connections between different neuronal populations to mimic basic electrical circuits of the
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brain. Here, a simple model of the cortex-striatum circuit has been recreated inside dumbbell-
shaped environments. Results showed the correct directional growth of hiPSC-derived cortical
axons towards hiPSC-derived striatal neurons. Finally, this chapter introduced a method to
induce a targeted and localised damage to the connecting axons exploiting properties of fluid
walls. Such method has been employed to propose an assay to screen for pro-regenerative
drugs post injury.

In general, if interfaces between immiscible liquids are well-known, they have only been
recently employed as bounding walls for microfluidics. This thesis has explored properties of
such fluid walls to maximise the biological applications. By reducing complex phenomena into
simple models, it wishes to democratize microfluidics and make it accessible to most bio-

scientists.

Future developments

Laplace pressure in drops with non-circular footprints

The Laplace pressure is the pressure drop between the two sides of a curved liquid interface.
It is determined by the Young-Laplace equation that depends on surface tension and the radii
of curvature of the interfacial surface (Chapter 3). Such radii depend on the three-dimensional
shape of the interface which arrange itself to minimise its energy. In nature, liquid interfaces are
always spherical if not deformed by the environments (e.g., a perfect sphere for bubbles, and
the cap of a sphere for drops laying on a flat substrate). When drop have non-circular footprints
their interfacial surface is distorted and their shape its currently under analysis (Ravazzoli et al.,
2016; Wray & Moore, 2023). Fluid-walled microfluidics enables creation of drops with almost
any imaginable 2D footprint. As microfluidic devices are usually asked to have a very high
throughput, microenvironments need to be tessellated so to exploit the whole substrate surface.
It is evident that circular chambers are not ideal to be tessellated as their packing efficiency is
very low compared to polygons. Therefore, there is a need to develop a robust theory that

enables prediction of the pressure inside a drop with a non-circular footprint.
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In the case of drops shaped like spherical caps, Laplace pressure is calculated simply
knowing the footprint radius and the volume contained. However, this no longer applies when
the interfacial surface is distorted by polygonal footprints. A direct comparison of the relative
pressures of circular and non-circular drops becomes possible by connecting the two and letting
them reach equilibrium. For instance, the footprints of main polygons can be approximated with
their inscribed circumferences, and the method in Figure 10 can provide one way of verifying or

discarding analytical solutions.

Top view

Side view

Figure 10. Laplace Pressure in non-circular drops — experimental design.

Top and side view schematics of a circular drop connected to a non-circular one by a small conduit. At
equilibrium they experience the same pressure. The left droplet is created over a heptagonal footprint
and represents the unknown, while the right one has a circular footprint whose pressure is known through
the radius R.

Three-dimensional (3D) cultures within fluid-walled microfluidics

If two-dimensional cultures benefit from low cost and simplicity, they fail to mimic the correct
cell-to-cell interactions which are 3D in vivo (Mark et al., 1977). Figure 11A illustrates a method
for creating drop-shaped hydrogel scaffolds and integrating them into fluid-walled
microenvironments. Cell-laden uncross-linked hydrogel drops are deposited in a standard Petri
dish. The still-liquid droplets turn into solid hydrogels via polymerization processes that differ

according to the hydrogel type. Most used hydrogels are the bovine/rat collagen-based ones
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due to their excellent compatibility, as their structure is both chemically and structurally similar
the native extracellular matrix. Collagen gels polymerize via thermal treatment at 37°C and this
makes them particularly suited for simple cells encapsulation while the matrix is forming. Then,
fluid walls can be created as usual. Drop-shaped hydrogel scaffolds are so integrated into
accessible environments. Preliminary experiments show hydrogel drop (with fluorescent beads
to mimic cells) integrated into fluid-walled chambers of different size and shape (Figure 11B,C).

Due to its fluid nature, this approach restricts hydrogel scaffold to be shaped like drops and
it does not easily allow for complex multi-layered structures. Nevertheless, its simplicity has the
potential to make it a great candidate for quick preliminary drug screening test on 3D cell

cultures (Figure 11B) and co-cultures (Figure 11C).

A

i iii v ”

Figure 11. Hydrogel scaffolds.

(A) Hydrogels drop deposition and integration into fluid-walled microfluidics. (i) A virgin Petri dish. (ii) Sub
microlitre drops of cell-laden uncross-linked hydrogel are deposited in the dish. (iii) Drops are let crosslink.
(iv) Once hydrogel solidifies, drops can be submerged in cell media without dissolving. (v) fluid walls can
now be formed as usual. (vi) drop-shaped hydrogel scaffolds are now integrated into microfluidic cultures
with fluid walls.

(B) Two drop-shaped Geltrex scaffolds (~500 nl) containing different fluorescent beads are isolated into
adjacent fluid-walled square chambers. Image was obtained overlapping three images: phase-contrast,

green fluorescence, and a red fluorescence.
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(C) Two drop-shaped Geltrex scaffolds (~500 nl) containing different fluorescent beads are ‘co-cultured’
in the same fluid-walled rectangular chamber. Image was obtained overlapping three images: phase-

contrast, green fluorescence, and a red fluorescence.

Connecting of neuronal 3D cultures/organoids

This thesis showed the importance of recreating neuronal circuits in vitro, however, the model
proposed in Chapter 6 enables connections between 2D cultures. There is, therefore, the need
to create connections between 3D cultures of neurons. Neuronal cells can be encapsulated into
hydrogel scaffolds formed in standard Petri dishes and submerged in cell-growth medium
(Figure 12A). Preliminary experiments with iPSCs-derived Ngn2 neurons show axons to grow
outside hydrogel scaffold to form connections with adjacent cells to form a network (Figure 12B).
Hydrogel scaffolds can be integrated in fluid-walled circuits to select growth direction and
connections (Figure 12C). Here, cell-laden hydrogels are confined in square chambers and
axonal projections can only grow in the connecting conduits (Figure 12D). Depending on the
design of the microenvironments connections between 3D cultures are allowed or prevented,
enabling users to create the neural network desired.

The ultimate aim is to develop a platform where different organoids can be connected into a
functional network. The proposed system opens to the futuristic idea of an Organoid Intelligence

presented recently (Smirnova et al., 2023).
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Figure 12. Connecting 3D neuronal cultures.

(A) Schematic of a Petri dish with 3D neuronal cultures. Drop-shaped hydrogels scaffolds containing
neuronal cell bodies are submerges in medium. Neurites grow between scaffolds to form connections.
(B) Inverted microscope phase-contrast image of four 500 nl Geltrex drop-shaped scaffolds with iPSCs-
derived Ngn2 neurons submerged in cortical maturation medium 18 days after plating. Projections
automatically form connections between adjacent scaffold creating a network.

(C) Schematic of a Petri dish with 3D neuronal cultures inside a fluid-walled network. Any microfluidics
circuit can be formed around solid cell-laden hydrogels. 3D cultures are contained in square chambers
connected by thin conduits. The dish represents the only solid boundary of the system.

(D) Inverted microscope phase-contrast image of two 500 nl Geltrex drop-shaped scaffolds with Ngn2
neurons inside a fluid-walled network. This preliminary image shows cells just after plating, so no

connections have been formed yet.
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