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Introduction

This thesis admittedly covers a broad range of topics. While our
exploration over the last four years has taken us far afield, from developing
microfluidic multiplexers to uncovering breakdown modes of 2D material
systems, this work was funded by the Vascular Engineering on chip using
differentiated Stem Cells (VESCEL) grant of Albert van den Berg and, as such,
most chapters make significant steps towards the goal of creating 3D
microvascular networks with custom geometry. The first three chapters in
particular each build directly towards this goal, by introducing new techniques
for the control of the microenvironment around human cells in 3D hydrogels.

Our work began with an improvement of the state-of-the-art
platforms for making human microvasculature on chip. Existing techniques
often relied on geometry like arrays of pillars or phase guides to confine
hydrogels to specific regions within a microfluidic channel [1,2,3] The
technique that we developed to remove the need for any confining device
geometry is detailed in chapter 1. Gels in our devices were instead guided by
patterns in the wettability of the surface of our channels. These patterns were
easily changed without redesigning the device and reduced the contact area
between cultured cells and the unnaturally stiff material of the devices. In
spite of their relative lack of support, the patterned gels could withstand
stresses from flow velocities far faster of those observed in the human body.

Next, we began to work towards a technique to locally apply signaling
chemicals within a 3D hydrogel with the eventual goal of locally modifying a
growing microvasculature network. Existing techniques for generating
concentration landscapes within hydrogels predominantly rely on diffusion to
move the chemicals to where they are needed.[4] However our own
preliminary experiments and recent published work had shown that the
resulting diffusive gradients were easily disrupted by flow through the
hydrogel. [5,6] We leveraged this observation to our advantage, using flow
through the hydrogel to actively guide a stream of signaling chemicals to a
desired location. In chapter 2 we detail this technique and demonstrate its
ability to precisely and reliably generate concentration profiles in both 2D and
3D.

Finally, we began work to apply this technique to make on-chip
microvascular networks with well-ordered geometry. Existing techniques for
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making blood vessels either create vessels which are much larger than the
microvessels found in human tissues[1,7,8], or produce highly disordered
networks.[1,9,10] Our starting point was the disordered networks generating
using a technique developed by the group of R. Kamm.[10] In chapter 3 we
show our ability to use flow through the gel to guide simple gradients over
these networks and show that our technique for generating concentration
profiles is not disrupted by the on chip microvascular networks. This work is
still in progress, and our next step will be to attempt actual modification of
these networks by generating concentration profiles of various signaling
chemicals over the networks. Eventually we hope to stimulate the growth of
single vessels from this network and guide their growth, producing a small-
scale vessel with precisely controlled geometry.

While some of the last three chapters are related to the goal of
microvascular control, they each aim to solve relatively independent technical
problems. Chapters 4 and 5 present solutions to general problems that were
encountered while working with 3D cell cultures while Chapter 6 is a study of
the physics behind a curious failure mode of nanopore-based sensors. Since
the work in chapter 6 was performed in parallel with the other work during the
PhD, it is included in this thesis. Our brief introduction to each of these less
related works follows below.

In chapter 4 we describe a technique to measure the diffusivity of
fluorescently labeled proteins using tools common to the 3D cell culture
community. This work was directly motivated by our need to know the
diffusivity of the signaling chemicals we sought to guide in chapters 2 and 3.
The lack of a good repository of protein diffusivities or a quick and dirty
method to measure them pushed us to develop our own technique. Our
technique uses a combination of convection and diffusion to generate a
steady-state concentration profile in a hydrogel similar to the profiles
generated in chapters 2 and 3. The form of the profile is then used to extract
the diffusivity of the transported chemical. Our technique recovers similar
information as existing techniques like FRAP but with less severe requirements
on imaging equipment.

Lack of a good and general technique for multiplexing devices is an
almost universal problem in microfluidics. To combat this, complex on-chip
valve arrays are often used to multiplex devices. These are unfortunately
difficult to fabricate, making them particularly cumbersome when the un-
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multiplexed device is relatively simple.[11,12] Less often, existing methods for
multiplexing like pipetting robots are used, but these are expensive and not
optimized for microfluidics.[3] In chapter 5 we develop in-chip holder
multiplexers as a compromise especially designed for microfluidics. These
would deliver the same functionality as on-chip multiplexers but move the
complexity to a cheap and reusable chip holder, leaving the on-chip
microfluidics simple. To do this we developed an improved, leak-free, clamped
gasket valve. With our valves, small pressures can be used to switch relatively
larger ones making them ideal logical elements. We demonstrate the efficacy
of these valves and the potential of in-chip holder multiplexing by
implementing and testing a pneumatic shift register built into a chip holder. In
our next steps, we aim to show that our chip holders can be used to dispense
liquid to a variety of simple microfluidic devices.

The final chapter is only loosely related to the other five as it explores
an unexpected nanofluidic phenomenon. This chapter stemmed from
previous work exploring the voltage driven transport of ions through single
layer graphene as detailed in the Thesis of Wesley van den Beld. In those
preceding experiments, we observed that when higher voltages than the
typical ones were applied, the current through the system became highly
nonlinear. While this behavior had been reported several times before
[13,14,15] most theories used to explain this behavior assumed that this
breakdown of resistance was irreversible while the phenomenon we observed
was strikingly reversible. This motivated our continued exploration which
eventually yielded our theory that voltage-mediated delamination of the
graphene from its substrate was the cause. The wide body of supporting
evidence that we collected while exploring this phenomenon and the
reasoning behind our theory is presented in chapter 6.

At the foundation of these six chapters are the lessons we learned
while striving and failing to answer deeper or sometimes wholly unrelated
qguestions. We hope that in reading these chapters, other researchers will find
a solution to a problem they face or the inspiration to make opportunity out
of experiments gone awry.
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Chapter 1: Flow Patterned Wettability for Rapid
Prototyping of 3D Cell Culture
Geometry

Contributions by: Joshua T. Loessberg-Zahl, Jelle Beumer, Albert van den Berg,
Andries van der Meer and Jan C. T. Eijkel

Abstract

Here we present a technique for facile patterning of hydrogel
geometries commonly found in 3D cell culture literature, but without the need
for any confining geometry built into the channel. Core to the technique is the
use of laminar flow patterning to create a hydrophilic path through an
otherwise hydrophobic microfluidic channel. When a liquid hydrogel is
injected into the hydrophilic region, it is confined to this path by the
surrounding hydrophobic regions. The various surface patterns possible via
laminar flow patterning can thus be rendered into 3D hydrogel structures. We
demonstrate that the technique can be used in many different channel
geometries while still giving the user control of key geometric parameters of
the final gel. Furthermore, the patterned gels are biocompatible and can
withstand trans-gel pressures in excess of those needed to generate
physiological flow velocities.






Introduction

Partially supported hydrogels are a common motif in microfluidic 3D
cell culture. [1,2,3] Fragile hydrogels are often supported by the relatively rigid
walls of some microfluidic enclosure on one or more sides, leaving the other
sides accessible for cell seeding and nutrient delivery. One of the most
common designs is a gel sandwiched between two fluidic access channels
(Figure 1.1 a). [4,5,6,7,8,9,10,11,12] This geometry in particular has found a
wide range of applications as it allows both perfusion of the gel [5,6,7]and
chemical gradient generation [8,9,10,11,12].

The geometry of the gel filled region is key in determining the culture
conditions therein. When specific chemical gradients are required, the width
of the gel directly determines the steepness of the gradient. Similarly, the
width of the gel filled region often determines the flow resistance of the device
the and thus the shear experienced by cells in the gel for a given applied trans-
gel pressure. Therefore design flexibility in the gel geometry, particularly its
width is highly desirable for precise definition of the cell culture conditions
therein.

Current fabrication techniques for sandwiched gel devices require
significant extra fabrication when the geometry of the gel needs to be
changed. This is because the geometry of the gel filled region is often totally
defined by the geometry of the surrounding device. Most commonly gel
confinement is achieved via an array of pillars [10,11], or sometimes phase
guides[12,13]. In both cases, even small changes to the gel geometry require
revision of these confining features. This takes extra time in the best case, but
as devices are often molded from cleanroom processed wafers, redesign can
often be quite expensive, requiring the procurement of new lithography masks
and extra cleanroom time.

The features used to confine the gel can also influence cells cultured
on the gels in undesirable ways. Cells types cultured in monolayers on the gel-
media interface are often known to have strong interactions with stiff and
rough surfaces. [**,%*] Proximity to protruding features on the surface of the
microfluidic device used to keep the gel in place, particularly pillars, can
therefore affect cell phenotype. When pillars are used to confine the gel, cells
often have trouble bridging the gap between pillars and gel, and instead creep
along the boundary between the two. This can make the monolayer unduly
rough and in the worst case leave it leaky with large intrusions of the
monolayer into the gel. [9,10,11] Integrity of the monolayer is particularly
important as the cell monolayer is often being studied directly or is included

17



&
/ ) ;/‘"'x
- &
N W
| i //M
% e

Figure 1.1: Schematic of 3-inlet, 3-outlet microfluidic devices where empty
channels are shown in white and gel filled channels are shown in pink. (a) Typical
device found in the literature where geometry of the gel filled region is totally
determined by the geometry of the empty channel, in this case pillars. (b) Our
devices which have no confining geometry. The width of the gel region can be
changed without the need to change the design of the starting device.

to ensure that physiological levels of nutrients or growth factors reach cells in
the bulk gel [1,2,3].

The technique we present here allows the creation of a gel filled region
between two fluidic access channels, without the need for any confining
geometry built into the microfluidic device. This is achieved via laminar flow
patterning of the wettability of a standard 3-inlet, 3-outlet microfluidic device
(Figure 1.1 bottom). Similarly to other techniques where surface wettability is
patterned, a hydrophilic path is patterned through an otherwise hydrophobic
device.[16,17,18] When a hydrogel of choice is injected into the device, it stays
confined to this hydrophilic path while it cures.

We show that the technique allows the easy adjustment of the width
of the gel-filled region via adjustment of flow rates during patterning. No
change to the surrounding channel geometry is required. Furthermore we
demonstrate the technique in a number of different device geometries
showing that strongly tapered can be made as well as long (2 cm) meandering
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gels. Finally we demonstrate successful culture of endothelial monolayers on
the gels and show that the gels can withstand stresses far in excess of
physiological conditions without being damaged in spite of the lack of
confining features.

Results and Discussion

Here we will first explain how the hydrophillic path for the gel to follow
is created and the reasoning behind critical steps in that procedure before
demonstrating some capabilities of the technique.

Implementation

Surface chemistry is critical to this technique. The chemistry detailed
here assumes that the user us working with PDMS or glass devices, although
alternative chemistries do exist for plastics [*°,%°]. The chemistry achieves two
goals, first it ensures that regions of the device can be rendered robustly
hydrophilic or hydrophobic and second, it ensures strong adhesion between
the used hydrogel and the walls of the channel.

In our technique both hydrophobicity and strong protein adhesion are
ensured by sequential surface treatments with (3-Aminopropyl)triethoxysilane
(APTES) and glutaraldehyde (GA). If any protein with a free primary amine is
introduced to the activated surface, it will become bound.

This surface treatment is inspired by literature, but heavily adapted to
our application for ease of use. Similar surface treatments are commonly used
in some protein-based sensor technologies, however they have stringent
requirements on the thickness of the adsorbed layer of APTES and GA as it can
affect the performance of the sensor. [21] As such, they are required to grow
their layers slowly, often with cumbersome vapor deposition or organic
solvent based techniques. We are not so limited, as all we require is that the
surface is robustly hydrophobic and has many sites capable of binding proteins.
Therefore our protocol differs from the literature protocols. Specifically, all
surface treatments in our protocol are done in aqueous phase for ease of use
and at relatively high contrition, reducing the reaction time from hours to
minutes. See the methods section for further details

In the surface treatment protocol the surface is rendered hydrophobic
and is ready for the patterning of hydrophilic regions. These hydrophilic
regions are created by simply introducing a low concentration (10 pg/mL)
solution of collagen in 1xPBS to regions desired to be hydrophilic. The collagen
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quickly (10 minutes) and covalently binds to the surface and, even after
thorough drying and rinsing, render the surface robustly hydrophilic
everywhere where it had contact.

To control the region of contact, laminar flow patterning is
employed.[22] (figure 1.2) In the cases shown here, flow is driven through the
three inlets on one side on the main channel by a syringe pump and allowed
to flow out the three outlets on the other side. The middle stream, artificially
dyed red with food coloring in figure 1.2, contains the coating solution. Flows
are picked such that diffusion is small compared to the residency time in the
device. This means that the collagen introduced in the middle stream stays
wherever the middle stream is guided. Flow is maintained for 10 min, before
the channel is blown dry.

After flow patterning, the top and bottom of the main channel have
been rendered hydrophilic while the rest of the device remains hydrophobic.
Through the middle inlet, an uncured hydrogel (in this case 4 mg/mL collagen
1) is introduced. While the liquid gel is free to easily wet the hydrophilic regions

a b

Setup | Heat to 38C N Bake at 60C : Introduce > Bake 38C
Coll

Focused Flow 10 min Overnight agen Gel 2 Hours
O water M Collagen Coating [JUnset Collagen
[ Low Concentration Collagen [JAir [0 Set Collagen

Figure 1.2: (top) example of laminar flow patterning in our devices. Flow is
introduced via the 3 inlets on the left of each image, a red tracer dye is included
with low concentration collagen in the central stream. Flow ratios, reported as top
: middle : bottom were (a) 1:2.5:1, (b) 1:1:1, (c) 1:0.5:1. Scale bars are 500
microns. (bottom) Schematic of the coating process at a cross section taken at the
dotted line shown in panel b.
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of the device, it pins on the edge between the hydrophilic and hydrophobic
regions. After gel filling, the devices can be incubated to cure the gel. The
fluidic access channels can filled with cell media and cell culture can begin.

In the end, the device contains a cured gel, confined to the same
region of the chip as the coating solution was during laminar flow patterning.
Through this technique, many of the surface patterns attainable via laminar
flow patterning can be rendered in 3D gel. Going forward we demonstrate
some of the possible patterns as well as our ability to fine tune the geometry
of a few particular patterns without redesigning the device.

Channel Geometry

We patterned gels in three different types of microfluidic device to
show the ability of our technique to create both typical gel geometries and
new, potentially useful gel geometries. (Figure 1.3)

In the simplest case (figure 1.3a) we show that our technique can
realize the typical sandwiched gel design often used for generating simple
gradients over cell cultures in the literature. [8,9,10,11,12]. Similarly, in figure
1.3b we show that our technique can capture geometries typically used to
generate many different gradients in the same device [23].

In Figure 1.3c we show our ability to fabricate long, highly curved
structures. The meandering channel shown in figure 1.3cis 2 cm in length and
the patterned gel maintains an effective barrier between the two fluidic access
channels for the entire length of the device. The curvature here is dictated by
both the device geometry and the relative flowrates used for patterning.

The smooth interface shown here is difficult to achieve in the
commonly used pillared devices, where the gel-media interface arcs from pillar
to pillar[10,11]. However there are still some design constraints. In particular,
the gel can only follow paths patternable via laminar flow patterning.
Drawbacks of laminar flow patterning, like the propensity of flow to cut tight
corners can cause some distortion of the patterned geometry (Figure 1.3c) and
must therefore be accounted for.

In the three shown cases, we also have cultured hUVECs in the
channels to highlight the biocompatibility of the technique. Notice that the
hUVECs exhibit their healthy cobble-stone phenotype and remain attached to
the substrate in all cases even after 5 days of culture. The patterned

21



Figure 1.3: Sample of the variety of channel geometries that can be patterned by
our technique. In each device, hUVECs have been cultured in one of the fluidic
access channel. Actin is stained green and nuclei are stained red. The boundary
between the gel and the other fluidic access channel is indicated by the dotted pink
lines and the dotted white lines indicate the walls of the microfluidic channel. (a)
shows the typical sandwiched gel design often used in the literature. (b) shows an
hourglass shaped device which might be used for grating a range of gradients in a
single device. (c) shows a meandering channel which demonstrates our ability to
create curved cell-gel interfaces and long gel regions (2 cm). Scale bars are 500
microns.

geometries have also remained stable over the 5 days, indicating that the gel
has similarly remained strongly bound to the walls.

Width Control

To control the width of the final gel, the flowrate of the central stream
was varied during patterning while the flowrate of the side streams was left
the same. (Figure 1.4) We demonstrate this in two different types of devises,
a simple straight channel (Figure 1.4, top) and an hourglass shaped channel
(figure 1.4 bottom). In these devices the fraction of the total channel width
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patterned can be estimated simply as the ratio of the patterning stream’s
flowrate to the total flowrate. [24]

In the case of the tapered channels, the gel filled region is similarly
tapered as the collagen containing stream is forced to taper during patterning.
Notice that both the angle of the taper and the fraction of the channel width
taken up by the gel are both simultaneously changed by adjusting the
flowrates. The minimum width of gel that we could reliably generate at the
neck of the taper was 200 microns (figure 1.4, bottom right). Smaller widths
resulted in the gel bursting out of the patterned region and filling the fluidic
access channels. Thinner gels regions may be attainable with gentler filling or
by using surface treatments with a higher contrast in hydrophilicity.

Figure 1.4: Demonstration of width control. Gel filled regions are artificially
colored pink to guide the eye. Side channels are filled with PBS. Relative flow of
the central stream decreases from picture to picture from left to right. Top row
shows the typical straight channel sandwiched gel design, while the lower row
shows our hourglass design. In the hourglass design, both the width of the gel
region and the angle of taper are affected by the change in flowrate.
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Interstitial Flow

As both a stress test of our technique and a further proof of
biocompatibility, we run a model experiment to measure the response of cell
migration to shear stress in the gel. hUVECs were used in our proof of concept
as they are known to migrate in the upstream direction when interstitial flow
is applied[5,6,7]. We culture hUVECs in one fluidic access channel just as we
did in figure 1.3. This time, a hydrostatic pressure was applied to the cell-free
channel to induce trans—gel flow one day after seeding. While the flows we
applied were several times higher than those expected under physiological
conditions (~50 um/s), an effect on the cell migration was still apparent.

Cell migration in response to flow is shown in figure 1.5 with quantified
results shown in the right hand panel. The number of cells that had migrated
from the seeded channel into the gel region were counted each day. A
significant increase in the number of cells in the gel was observed as well as a
reduction in the spread of the data. (Figure 1.5 right)

The gels also showed no sign of collapse in spite of the fact that flow
was significantly in excess of the physiological range. The stress on the gel and
therefore damage to the gel is expected to increase with extra flow [25]. The

1 50

1

I

- 40

1
R i)
| o

1 © 30

! O
o *

I 20
R

I

« 10
1

I No Flow Flow

Figure 1.5: Right panel shows a sample device used for cell migration
quantification. The dotted line indicates the gel-media interface. Cells to the left
of the dotted line were considered to have migrated into the gel and were
counted. Scale bar is 500 microns. Left panel shows the number of cells counted
in the gel on day 4. The addition of flow appears to both increase the count and
reduce the spread in the data.
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fact that no damage was seen at these flowrates implies that experiments
executed within the physiological range of flowrates will leave the gel similarly
unscathed.

Conclusion and Outlook

We have designed and tested a new technique for making gel
structures for 3D cell culture in microfluidic devices. Our technique can
reproduce the most commonly used gel structures, but differs from existing
techniques in that it uses laminar flow patterning to define the gel geometry
instead of confining structures like pillars or phase guides. This both allows
rapid prototyping of the gel geometry and reduces contact between cells and
the unnaturally stiff walls of the device.

We have shown that the technique is usable in a variety of geometries,
both common in the literature and novel. This includes devices with gels far
longer and with higher curvature than is commonly needed. Width of the gel
is easily controlled by adjusting flow parameters during patterning. Once gels
are patterned and cured, cells seeded in these devices grow as expected.
Finally, we show that devices can withstand trans-gel pressures far in excess of
what is needed to reproduce physiological conditions. Taken together, the
features provided by this technique should make it a powerful tool for fast
implementation and iteration of 3D cell culture devices.

Methods

PDMS Device Fabrication

To fabricate the PDMS devices, un-cured PDMS was cast on an SU8 on
silicon mold. SU8 features were 100 micrometers high. Un-cured PDMS
(Sylgard) was prepared at a 10:1 polymer to cross linker ratio. The devices
were then heated overnight at 60°C to cure the polymer before demolding. In
parallel, microscope slides dipped in the same PDMS were prepared as a
substrate for bonding. Coated slides were similarly cured overnight at 60°C.
After demolding, inlets were punched using a 1 mm biopsy punch. Both the
cast devices and PDMS coated slides were then exposed to oxygen plasmain a
plasma cleaner (Harrick) to activate their surfaces. The cast polymer was then
gently pressed onto the PDMS coated slides to form the completed PDMS
devices.
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Surface Treatment

To make the surface able to covalently bind proteins, sequential (3-
Aminopropyl)triethoxysilane (APTES) and glutaraldehyde (GA) treatments
were performed. This protocol was applied within 15 min after the plasma
treatment described in the previous step. A 3% (v/v) solution of APTES (Sigma-
Aldrich) in deionized water was first introduced into the devices and left to sit
for 30 min. Filtered air was blow through the devices to dry them and the
devices were flushed three times with deionized water. A 10% (v/v) solution of
GA (Sigma-Aldrich) was then prepared in 1x phosphate buffered saline (PBS)
(Sigma-Aldrich). This solution was similarly pipetted into the devices and
allowed to sit for 30 min. Finally the devices were again blown dry and rinsed
three times with deionized water. Devices were then baked at 60°C overnight
to drive off any excess water or reactants.

Flow Patterning

To pattern the devices, a 10 micro gram per milliliter solution of
collagen was first prepared. This was done by gently mixing rat tail collagen |
(Corning) with cold 1x PBS. The solution was then loaded into a 1mL syringe
(Hamilton) and placed in a syringe pump (neMYSES) along with two deionized
water containing 1 mL syringes. Tygon tubing (TYGON) was used to connect
the syringes to the device. The middle inlet was connected to the collagen
containing syringe while the two outside channels were connected to the
deionized water containing syringes. Tygon tubing was also used to connect
the outlets to a waste container. Tubing from the middle outlet was cut slightly
shorter to ensure that the entire stream of coating solution flowed out this
outlet. Finally the pumps were used to drive flow through the devices with
flowrates of 30 microliters per min each. The flowrate of deionized water
streams were left constant while the flowrate of the collagen containing
stream was adjusted to change the width of the patterned region depending
on the desired gel region width. Flow was maintained for 10 min for complete
patterning. Devices were then blown dry using filtered compressed air and
baked overnight at 60°C to dry completely.

Filling and Cell Seeding

A 4 mg/mL solution of rat tail collagen | was prepared at neutral pH on
ice. This solution was gently pipetted into the central inlet of the patterned
microfluidic devices and cured for 2 hours at 37°C. To fill the fluidic access
channels, devices were submerged in degassed 1xPBS overnight. The next day,
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the fluidic access channels are filled with cell media and seeded with cells of
choice. In this case EGM (Sigma-Aldrich) and hUVECS (Lonza) were used. Cell
media was replaced every day during culture.

Interstitial Flow Experiments

Devices were first seeded as described above. Flow through the gel
was applied one day after seeding. In these experiments, the inlets were fitted
with pipette tips as reservoirs. Reservoirs on the gel inlet and outlet were filled
with PDMS to prevent outflow of media. Reservoirs connected to fluidic access
channels were filled with cell media. Reservoirs connected to the cell
containing fluidic access channel of the device were filled with less media than
reservoirs on the other inlets leaving a height difference of ~1.5 cm. This
height difference was refreshed every day when media was replaced.
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Chapter 2: Flow Focusing Through Gels as a Tool to
Generate 3D Concentration Profiles in
Hydrogel-Filled Microfluidic Chips!

Contributions by: Joshua Loessberg-Zahl, Andries D. van der Meer,
Albert van den Berg, and Jan C. T. Eijkel

Abstract

Laminar flow patterning is an iconic microfluidic technology used to deliver
chemicals to specific regions on a two-dimensional surface with high spatial
fidelity. Here we present a novel extension of this technology using Darcy flow
within a three-dimensional (3D) hydrogel. Our test device is a simple 3-inlet
microfluidic channel, totally filled with collagen, a cured biological hydrogel,
where the concentration profiles of solutes are manipulated via the inlet
pressures. This method allows solutes to be delivered with 50 micron accuracy
within the gel, as we evidence by controlling concentration profiles of 40 kDa
and 1 kDa fluorescent polysaccharide dyes. Furthermore, we design and test
a 3D-printed version of our device with an extra two inlets for control of the
vertical position of the concentration profile, demonstrating that this method
is easily extensible to control of the concentration profile in 3D.

! Adapted from:
J. Loessberg-Zahl, A. D. Van der Meer, A. van den Berg, J. C. T. Eijkel,
Flow Focusing Through Gels as a Tool to Generate Concentration
Profiles in Hydrogel-Filled Microfluidic Chips, Lab on a Chip, 2019, 19,
207.






Introduction

While laminar flow patterning has been convincingly demonstrated as
a surface patterning technique in microfluidic chips,[1,2] an extension to
patterning of three-dimensional (3D) biological matrices initially seems
counterintuitive. Gels are often used in microfluidics for their ability to prevent
flow while allowing transport of chemicals via other mechanisms such as
diffusion[3] or electrophoresis.[4] However many biological hydrogels such as
collagen have been shown to allow substantial amounts of flow while
significantly limiting diffusive transport.[5] Furthermore, pressure-driven
flows through these gels exhibit a plug flow profile, which simplifies flow
control when compared to the parabolic flow profiles common to laminar flow
patterning in liquid-filled channels.[6] These unique properties of biological
hydrogels make them an ideal medium for laminar flow patterning.

Hydrogels are also a highly useful medium for microfluidics in general
and in the past decades a number of microfluidic techniques have been
developed that depend on the use of hydrogels.[7] To facilitate such
techniques, patterning of concentration, composition, and geometry of
hydrogels has been explored for a broad range of applications.[8] Local
functionalities such as photodegradability have been added to make gel
properties dynamically tunable for cell culture.[16] Biological gels have been
patterned with either soft lithography or capillary barriers to make perfusable
microfluidic devices.[17-20] lon patterning of actuatable hydrogels has been
used to implement soft robots.[21] Degradable subunits have been locally
added to gels to affect timed release of drugs.[22] Here we present a
patterning technique that allows accurate and dynamic control of
concentration profiles in a gel, adding a new precisely controllable technique
to the list.

In addition to serving as a general microfluidic tool for gel patterning,
we find the potential cell culture applications particularly exciting. Flows
through biological gels are a topic of prolonged interest in the context of on-
chip cell culture and organs-on-chips.[40,41,42] Flows through the interstitial
extracellular matrix are critical for a wide variety of biological processes from
waste removal to embryogenesis to tumor development.[9-13] Recently, on-
chip platforms have been developed to study the influence of interstitial flow
(IF) on cell behavior and have recapitulated its influence on, for example:
cancer cell migration,** alignment of smooth muscle cells,*> and
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lymphangiogenesis. However, the particular combination of solute gradients
and IF has not been well studied in vitro even though inhomogeneity in the
morphogen concentration is often critical and coincident with IF.[9,33] In fact,
current techniques used to generate one condition almost always exclude the
other.[38]

Our technique allows for independent control of both concentration
profile and flowrate in a 3D hydrogel matrix. The technique is an analogue of
laminar flow patterning and affords a similar degree of control for the position
and shape of regions of different chemical solute composition.[1] As is the case
of laminar flow patterning, we expect our technique to be widely applied for
both local gel patterning and cell culture. We demonstrate the effectiveness
of the technique with a physiologically relevant interstitial velocity of 10 um/s,
within the range often used in similar devices,[14,23] with a 40 kDa tracer dye
chosen to match the diffusivity of the commonly used morphogen vascular
endothelial growth factor (VEGF-A).[24] Furthermore, we demonstrate that
the hydrodynamic time response of the system is fast compared to relevant
biological timescales and that the technique is extensible to a fully 3D flow
patterning setup for both horizontal and vertical control of the concentration
profile.

Theory

In order to use flows through a gel as a tool to manipulate
concentration profiles we must understand both how to effectively control
flows through gels and how concentration profiles in a gel will evolve due to
diffusion.

Conceptual Description of Flow Model

First, we developed a simple model to describe the dynamics of co-
flowing streams in a gel-filled microfluidic chip. Some adjustment from models
based on laminar flow is required as flows through gel-filled channels have plug
flow profiles[6] as opposed to the typical parabolic flow profile in
microchannels. Accounting for plug flow actually simplifies the typical
calculations and also implies other benefits such as reduced diffusion of large
molecules[25] and reduced dispersion.[26,27]

Figure 2.1 schematically depicts the system, which consists of a
microfluidic channel with three inlets, entirely filled with a 3D hydrogel. We
wish to determine the width and lateral position of the central stream in the
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main channel (green in the figure) as a function of the pressures applied to the
three inlets. The behavior of the streams in the main channel depends on the
relative contribution of each inlet flow to the total flow in the main channel.
For example, if the flow through one inlet increases, then the width of its
stream in the main channel will increase while the other streams will become
narrower. Therefore to model the streams in the main channel we must first
determine the flow rates through each inlet channel. Since our active controls

Figure 2.1: Flow in a microfluidic channel with multiple inlets connected to a
pressure controller. Top, Schematic of 2D device and setup showing the plug flow
profile in blue, and the two geometric constraints described by equations 2.5 and
2.6 in brown. Bottom, the resistor network used to model the system. Three inlet
resistances feed into the junction and the resistance of the main channel connects
the junction back to atmospheric pressure. Here our flow is through a porous media
so we use the resistance as determined by Darcy’s law as opposed to the typical
Poiseuille resistance.
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are pressures, we begin by calculating the pressure-to-flow relation of the inlet
channels.

Darcy Flow

In order to calculate flows in terms of pressures we calculate the
hydraulic resistance of the system. As stated above, all flows in our chip take
place in a porous medium, so modifications to the typical flow resistance
equations must be made. The textbook definition of the flow resistance for a
small, non-gel-filled, channel is:
2.1 Rpoiseuitie = %
Where u is the viscosity, L is the length of the channel, A is the cross-sectional
area of the channel and r is the hydraulic radius of the channel. However in
flows through porous media, the flow profile is instead given by Darcy’s Law[6]

22 wv==Lvp
u

Where k is the permeability, VP is the local pressure gradient and v is the local
flow velocity. Note that the velocity has no dependence on spatial coordinates
and is therefore uniform, implying a plug flow profile. Using equation 2.2 and
our knowledge that flow resistance is simply the ratio between pressure drop
and flow rate for a given geometry, we write the flow resistance for a gel-filled
channel of length L and uniform cross-section A as:

e
2.3 RDarcy T KA

With the correct flow resistance for a gel in mind, we re-cast our system as the
hydraulic resistor network shown in figure 2.1. In this system the flow rate in
a given channel can be written in terms of the inlet pressures as:

Py, P
P1,P2,P3
2.4 Q _Pn  Ri Ry R
: n T R, En,Rn Rn, Rn

R1 Rz R3 Ry

Where Q,, is the flowrate through the n-th inlet channel, R,, is the resistance
of the n-th inlet channel and B, is the pressure applied to the n-th inlet.

Central stream placement
We wish to use our system to deliver solutes to certain locations in the
main channel by introducing them in the central focused stream (green in
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Figure 2.1) and changing the width and lateral position of this stream. The
resistor model allows us to determine the flow rates in terms of the inlet
pressures, and we will now use it to determine the inlet pressures needed at
the three inlets for a specific width and lateral position of the central focused
stream. To uniquely determine the three controlled pressures we develop
three constraints: width, position and velocity of the central stream.

For a plug flow profile in a rectangular channel, the fraction of flow
that a given inlet contributes to the total flow equals the fractional width of
the stream it produces with respect to the total channel width. So, for our
system we can write the width of the n-th stream as:

_ Qn
2.5 Wn - Q1+0Q,+05 Wtotal

Where W, is the width of the n-th stream in the main channel and W;,;4; is
the total width of the main channel.

The distance between the center of the focused stream and the wall that
borders stream 1 (x) can be written as :

Q1 1 Q2
26 x= ( +1 )W
Q1+0Q24+Q3 | 2Q1+Qy+0;)  total

And finally we constrain the linear velocity (v) in the main channel by applying
the condition:

— 91102405

Amain

2.7 v

where A,qin is the cross-sectional area of the main channel. Equations 2.5,
2.6 and 2.7 are then solved simultaneously after substituting equation 2.5 for
each flow rate to determine the input pressures (P;, P,,and P;) required to
generate the specified conditions.

Concentration profile of diffusing compounds

We are also interested in determining how diffusion affects the
concentration profiles we can create with this technique. As the streams
progress through the channel, the solutes they carry will begin to diffuse
causing their concentration profile to spread, thus limiting our ability to keep
the concentration regions local. To calculate the 2D (where x is taken as the
lateral distance and y as the downstream distance) concentration profile in the
channel, we will consider it as a series of 1D concentration profiles translating
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down the channel at the flow velocity. If the flow rate changes, the
concentration profiles require a different amount of time to move a fixed
distance downstream. As diffusion has had more or less time to act, the spread
of the profile at that point thus is changed when the flow rate changes.

If we assume that the diffusivity of the solute does not depend on the
flow rate, the textbook[39] definition of the time evolution of a 1D profile that
begins as a perfect plug is:

2.8 c(x.,t) = CZ—" (erf (%[A:C) —erf (%2’;5))

Where x_ is the distance from the center of the middle stream Ax_ is the width
of the plug, D is the diffusion coefficient of the diffusing species, t is the time
since the plug was introduced into the system and c,is the initial concentration
of the solute considered.

If we consider the profile to be translating at a constant velocity we
can rewrite equation 2.8 as:

4D B 4D

N7 R4

Where v is the linear flow velocity in the channel and y is the distance
downstream from the junction.

Xct+Ax, f Xc—Ax,

2.9 ct(x.,y) = CZ—" erf

We will use this equation to predict the concentration profile at a given
distance downstream from the junction. Equation 2.9 implies that flow
velocity, diffusivity and distance from the junction are the key factors for
controlling the spread of the starting profile in this technique.

Materials and Methods

PDMS Device Fabrication

Polydimethylsiloxane (PDMS) devices were fabricated with soft
lithography. Briefly, chip geometry was defined via lithography of 100
micrometers of SU8 on a silicon wafer. Inlet channels were 500 um wide while
the channel after the junction was 1.5 mm wide. PDMS (Sylgard 184) with a
10:1 elastomer to curing agent ratio was poured over the mold and left to set
for 3 hours at 60°C. The PDMS was then removed from the mold, and 1 mm
inlets were made with a biopsy punch (Harris Uni-Core). The chips were then
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activated in an oxygen plasma cleaner (Harrik Plasma) for 45 seconds at high
power (30 Watts) and bonded to similarly treated glass microscope slides
(Corning).

For better adhesion between the PDMS and collagen, the surface of
the chips were silanized with (3-aminopropyl)triethoxysilane (APTES) and
treated with glutaraldehyde. To do this, the chips were first submerged in a
10% w/w APTES (Sigma-Aldrich) in water solution for 30 min. Devices were
then briefly rinsed with 90% ethanol before being submerged in 10% w/w
glutaraldehyde (Sigma-Aldrich) in phosphate-buffered saline (PBS, Sigma-
Aldrich) for another 30 min. Finally, the chips were filled with a 4 mg/mL
solution of titrated rat tail collagen | (Corning) and cured for 2 hours at 36°C.

3D Printed Chip Fabrication

The 3D version of the device was printed in Clear Resin (FormLabs) on
a Formlabs Form2 3D printer. Channel dimensions were 1x1 mm for the inlets
and 2x2 mm for the channel after the junction. The surface was treated
similarly to the PDMS chip for proper gel adhesion. The devices were first
treated with oxygen plasma to clean the surface. Then they were submerged
in a acrylamide/bis-acrylamide solution to add primary amines to the surface.
The composition of coating solution used here was 9 ml 40% Bis-acrylamide
(BioRad), 30 ml of PBS and 22.5 pL of 10% ammonium persulfate (APS, BioRad)
The chips remained submerged for 30 min. Then they were rinsed with 90%
ethanol, treated with the glutaraldehyde solution mentioned above and filled
with the titrated collagen solution mentioned above. After curing for 2 hours
at 60°C the devices were ready to use.

Experimental setup

All devices shown here consist of a series of inlet channels (3 inlets for
the 2D chips and 5 inlets for the 3D chips) that combine at a junction to become
the single wider main channel of the device. Chip inlets were fitted with 200 pl
pipette tips as reservoirs. Pressure was applied to the reservoirs via Tygon
pneumatic tubing by a Fluigent pump (MFCS-EX). For the positional and width
control tests in 3D and 2D chips, side inlet reservoirs were filled with PBS while
the center inlet reservoir contained 0.1 mg/ml of 40 kDa fluorescein
isothiocyanate (FITC)-labeled dextran (Sigma-Aldrich) in PBS. For the time
response experiment, the side channel reservoirs still contained PBS while the
center channel reservoir contained a cocktail of 0.1 mg/ ml Alexa Fluor 647
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carboxylic acid, tris(triethylammonium) (Sigma-Aldrich) and 0.1 mg/ml of 40
kDa FITC-labeled dextran in PBS.

Experimental Parameters

Positional control, width control and time response experiments were
run in the 2D devices. Before a chip was used for an experimental run, a single
2 min calibration was done to determine the resistances of the three inlet
channels and of the main channel of the chip. Details of the calibration can be
found in Appendix 1. From these calibrations we can also estimate a gel Darcy
permeability of 4.7x107° cm? which lies within the range of those found in the
literature for similar gels.® After calibration, equations 2.5, 2.6, and 2.7 were
used to calculate the pressures required to set: the position of the center
stream, the width of the center stream, and the flow velocity. The pressures
used to generate the shown concentration profiles fell in the range of 0-25
mBar depending on the device used and the desired profile. Width control was
validated by setting the central stream width to 5%, 10%, 20%, 30% and 40%
of the total channel width, with the stream centered in the channel and a flow
velocity of 10 um/s. Similarly, to test positional control, the stream width was
fixed at 20% of the channel width, the flow velocity was fixed at 10 um/s and
the distance of the center of the stream to the left wall was adjusted from 150
pm to 1,350 um in increments of 300 um. For each tested condition, the flow
was allowed to fully develop for 10 min before the measurement was taken
and a new condition was chosen. For both experiments the resulting
fluorescence profile was recorded and compared to the desired “target”
profile.

The target concentration profile requires some adjustment to account
for diffusion in the case of the width control experiments. To do this we first
measured the diffusion coefficient of the FITC dextran, as described in
Appendix 1, and obtained a value of 5.5-10' m?sec™?, a similar value to those
found in the literature.[24] This value was used with equation 2.9 to
determine the expected width of the concentration profile at 50% of maximum
concentration at the measurement location. The measurement location was
chosen to be 1500 um downstream from the junction as at this point the flow
had been fully developed for ~1000 um. We considered this the target profile
width reported in Figure 2.3.

In the case of the time response experiments the width and flow rate
were fixed at the same values as the positional control experiment, but the
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target distance was instantaneously alternated from 150 um to 1,350 um every
45 seconds. Finally, the 3D chips were run uncalibrated; the pressures needed
to locate the stream in the upper right corner, the center and the lower left
corner of the main channel were estimated from the 2D experiments.

All quantitative measurements of the profile were taken at 1500 um
downstream from the junction and all correlation coefficients between
measured data and predicted values (R%) were calculated with MATLAB.

Results and Discussion

We explored the effectiveness of our technique for controlling the
position and width of co-flowing streams in a gel-filled chip. Effectiveness was
evaluated by measuring the accuracy with which we could produce a desired
concentration profile in the main channel of a gel-filled three-inlet device by
manipulating only the inlet pressures. For a given concentration profile the
model described in the theoretical section was used to determine the
appropriate inlet pressures. These pressures were then applied to a device
with the fluorescent dextran solution loaded in the central inlet channel and
the resulting profile was compared to the desired profile.

In addition, we report a brief characterization of the time response of
our system and an extension of our 2D device to a fully 3D device.

Positional Control of Concentration Profile

To demonstrate control of the lateral position of the central stream,
we tested 5 target profiles as shown in Figure 2.2. For each profile the width
of the concentrated region and the total flow velocity were kept constant and
only the lateral position was adjusted. We then measured the center position
of the concentration profile and compared it to the target center position
(Figure 2.2, top).

The direct agreement between target and measured position was
strong (R? = 0.97) with an average difference between measured and target
position of 50 microns. It is worth noting that in the case of the far left and far
right profiles the measured position shows a marked deviation from the target
towards the center of channel. To explain this, we consider the effect of
diffusion on the measurement. If the concentrated region is far from the walls
of the chip, as it is for the middle profiles, diffusion spreads the profile
symmetrically and the center position is unaffected. In the case of the far left
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Figure 2.2: Positional control of laminar streams inside a hydrogel-filled microfluidic
channel. Top, measured center position of the dye-filled stream for 5 different
positions plotted against the target position. Error bars are one standard deviation,
for 3 measurements each taken on a separate chip. Dotted line represents perfect
agreement between target and measured position. Bottom, sample fluorescence
intensity profiles from one of the chips. Note that at the far right and far left the
left and right inlet channel respectively have stagnated allowing the dye to diffuse
upstream, into the neighboring inlet. Scale bar is 500 um.

and far right profiles, the concentrated region is flush with the wall of the
channel, so the profile can only diffuse in the direction of the center of the
channel. This asymmetric spreading shifts the center of the profile slightly
towards the center of the channel as is reflected in the data.

Width Control of Concentration Profile

To demonstrate control of the width of the focused stream, we tested
5 target concentration profiles shown in Figure 2.3 (bottom). For each profile,
the position of the concentrated region and the flow velocity were kept
constant while only the width of the concentrated region was varied. We then
plotted the measured width of the profile at 50% of maximal intensity against
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the target width of the profile (Figure 2.3, top). The inlet pressures applied to
generate the target width were derived from equation 2.4 and adjusted to
correct for diffusion as predicted by equation 2.9. The method used for
correction is outlined in the methods section.

We found a much weaker agreement between target and
measurement (R? of 0.78) than that seen for positional control, with the
measured width consistently larger than the target width. Average difference
between measured and target width was 62 microns. We expect that the
observed difference between target and measured width can be explained by
a combination of hydrodynamic effects at the junction and the diffusion in the
main channel. Despite this inaccuracy, control of the width is relatively precise.
This can be concluded from Figure 2.3 where the deviation in measured width
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Figure 2.3: Width control of laminar streams inside a hydrogel-filled microfluidic
channel. Top, width at 50% maximal intensity, measured 1.5 mm from the junction
for 5 different target widths plotted against the target width for the center stream.
Error bars are one standard deviation, for 3 measurements each taken on a separate
chip. Linear fit is plotted over the data. Bottom, sample fluorescence intensity
profiles from a single chip for a range of target stream widths from 5% of the channel
width up to 40% of the channel width with the target profile widths listed below.
Scale bar is 500 pum.
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from device to device (error bars) is small compared to the deviation from the
target width. Furthermore, measured width and target width are strongly
correlated. These combined imply that the inaccuracy could be modeled and
calibrated for in future work.

We include a more detailed theoretical discussion of factors affecting
profile broadening in Appendix 1. Summarizing this information: faster flow,
a shorter main channel, or a more sharply resolved device geometry near the
junction leads to less profile broadening and a steeper concentration gradient
perpendicular to the flow direction. These factors can be of critical importance
when adapting this technique to patterning techniques which require fine
resolution with small, more diffusive molecules.

Time Response of Concentration Profile Position

When the inlet pressures of the system are changed, the change in
flow profile downstream is not instantaneous. To characterize the time
response we ran a series of tests where a reciprocating pattern was generated
in the main channel of the device (Figure 2.4). In these tests we alternated
between two target profiles while keeping the flow rate and width of the
concentrated region constant. Each state was held for 45 seconds before
switching back to the previous state over the course of <1 second. We
assumed that the delayed response of the system comes from a combination
of the relaxation time of the gel,[28] the compliance of the Tygon tubing used
and the flow resistance of the gel-filled device. To characterize the net effect,
an RC time of 61.8 sec was calculated.

This response time did not significantly affect our ability to generate
the standing concentration profiles shown in Figures 2.2 and 3. A response
time of one minute is negligibly short compared to the ~2 days (55 hours) of
time needed to drain the 0.1 ml reservoirs of our device at the typical flow
velocity of 10 um/s. For cell cultures it is furthermore not expected that time
constants of less than a minute are needed. If needed, a number of measures
can be taken to improve the response time of the devices. The gel-filled inlet
channels were longer than necessary to facilitate interfacing and the
pneumatic tubing used was flexible Tygon. For applications where a faster
response time is necessary, the inlet resistance could be decreased by using
shorter inlet channels and the compliance of the Tygon tubing used could be
reduced by using shorter and stiffer tubing.
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Figure 2.4: Dynamic control over stream position inside a hydrogel-filled microfluidic
channel. Dotted lines indicate the walls of the channel. Target profile was switched
every 45 seconds and flow rate was 20 um per second. A red (Alexa Fluor 647) and
green (FITC-labeled 40 kDa dextran) dye were included in the central inlet for this
test. The green channel has been subtracted from the red channel and contrast
enhanced to highlight the fact that the 1 kDa red dye diffuses much faster than the
40 kDa green dye. Top, picture of both the junction and the main channel. Bottom,
5 images of the junction taken at 8.7 second intervals showing the stream shift from
far left to far right orientation. Raw data is shown in figure A1.5. Scale bar is 500
pum.

It is worth noting here that a simple, long-term stability experiment
was also run where a static position was chosen and a 10 um/s flow was
maintained for 5 hours. In this test, the variation in position was 2% of the
initial values. See figure A1.3 in appendix 1 for further information.
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Figure 2.5: Top left, Rendering of the 3D junction with inlets color coded. Middle
left, pressures in mBar used to generate the fluorescence profiles shown in the
bottom Left. Bottom left, actual fluorescence intensity profiles taken from the
bottom and side of the devices during experimental runs. Right, 2D position of the
stream at a cross section for 3 different test conditions. Each point represents a
vertical position and horizontal position measurement for a single inlet pressure
configuration shown on the left. Bounds of the graph are the bounds of the main
channel. Error bars are one standard deviation of the respective fluorescent profile.

Extension to 3D: Controlling Stream Position in Both Horizontal and Vertical
Direction

While a 2D junction can be used to manipulate a concentration profile
in one dimension, a 3D junction can be used to manipulate a concentration
profile in two dimensions. For example, consider a junction where two extra
inlet channels are included that enter at the top and bottom of the center inlet
channel as shown schematically in Figure 2.5 top left. The central stream can
still be localized horizontally as before, but with these added channels the
central stream can be localized vertically as well.

To show that a 3D chip with five inlets is truly capable of generating
controllable concentration profiles we generated three distinct profiles and
imaged them from both the bottom and side of the chip. The position and
width of the resulting profiles are represented in Figure 2.5 (bottom). The
three distinct horizontal positions (x axis) show that the position can in fact be
controlled by the pressure applied to the left and right inlets just as with the
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2D device. The simultaneously plotted vertical positions (y axis) are distinct
from each other and independent of the horizontal position showing that the
chip allows full 3D control of the profile. The raw data and pressures used can
be found in Appendix 1.

Conclusion

Previously, laminar flow patterning has been used to locally deliver
chemicals to flat surfaces in open microfluidic devices.[1] Here we have shown
that 2D and 3D laminar flow patterning through a cured hydrogel is not only
possible, but relatively simple and precise to control due to the plug flow
profile. Through testing of our devices we demonstrate excellent spatial
control of the generated concentration profile via manipulation of the inlet
pressures and are able to characterize the time response of the system.
Furthermore, we show that the technique can be used in a truly 3D capacity
by 3D printing and testing a version of our device with five inlets for both
horizontal and vertical control of the concentration profile.

Although we have only shown the ability to manipulate concentration
profiles in a gel, we hope to see this technique developed as a general way to
influence 3D cell cultures in a gel or 2D cell cultures on a gel/media interface.
Our chips could see immediate use as a platform for locally dosing cells in 3D
culture with morphogens to observe the effects of the concentration profile
independently from the effects of the interstitial flowrate. Furthermore, we
can generate standing gradients of morphogens perpendicular to the direction
of interstitial flow, a relatively unprobed combination of stimuli. The ability to
very locally dose cell cultures may also provide new techniques for guiding the
development of tissues in organs-on-chips.[29,30,31]

In addition to biological applications, our technique provides a general
microfluidic engineering tool to translate surface patterning techniques
compatible with laminar flow patterning to a 3D matrix. For example, instead
of patterning channels in 2D with soft lithography, our method would allow
channels to be locally etched in a desired geometry by controlling the
concentration profile of an etchant like collagenase. Also, instead of relying on
2D top down patterning techniques, our method would allow control over local
stiffness of gels from the inside out by manipulating the concentration profile
of a cross-linker within the gel.
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In summary, our technique is a powerful extension of traditional
laminar flow patterning from patterning of 2D surfaces to patterning of 3D
gels. We anticipate that it will find many applications both as a general
technique for patterning biological hydrogels and in particular for probing the
effects of interstitial flow and morphogen gradients in 3D cell culture models
and organs-on-chips.
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