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Laminar flow patterning is an iconic microfluidic technology used
to deliver chemicals to specific regions on a two-dimensional sur-
face 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 con-
trolling 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 concentra-
tion profile in 3D.

Introduction

While laminar flow patterning has been convincingly demon-
strated as a surface patterning technique in microfluidic
chips,? 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® or electrophoresis.* However many biologi-
cal hydrogels such as collagen have been shown to allow sub-
stantial amounts of flow while significantly limiting diffusive
transport.” 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.® These
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unique properties of biological hydrogels make them an ideal
medium for laminar flow patterning.

Hydrogels are also a highly useful medium for micro-
fluidics in general and in the past decades a number of
microfluidic techniques have been developed that depend on
the use of hydrogels.” To facilitate such techniques, pattern-
ing of concentration, composition, and geometry of hydrogels
has been explored for a broad range of applications.® Local
functionalities such as photodegradability have been added
to make gel properties dynamically tunable for cell culture.'®
Biological gels have been patterned with either soft lithogra-
phy or capillary barriers to make perfusable microfluidic
devices."”° Ion patterning of actuatable hydrogels has been
used to implement soft robots.>' Degradable subunits have
been locally added to gels to affect timed release of drugs.*?
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 cul-
ture and organs-on-chips.’’° Flows through the interstitial
extracellular matrix are critical for a wide variety of biological
processes from waste removal to embryogenesis to tumor
development.”™® Recently, on-chip platforms have been de-
veloped to study the influence of interstitial flow (IF) on cell
behavior and have recapitulated its influence on, for exam-
ple: cancer cell migration,"* alignment of smooth muscle
cells,’> and lymphangiogenesis.*> However, the particular
combination of solute gradients and IF has not been well
studied in vitro even though inhomogeneity in the morpho-
gen concentration is often critical and coincident with
IF.”**3% In fact, current techniques used to generate one con-
dition almost always exclude the other.*

Our technique allows for independent control of both con-
centration profile and flowrate in a 3D hydrogel matrix. The
technique is an analogue of laminar flow patterning and

This journal is © The Royal Society of Chemistry 2019

10

20

30

40

50


http://crossmark.crossref.org/dialog/?doi=10.1039/c8lc01140k&domain=pdf&date_stamp=2019-01-09
http://orcid.org/0000-0002-8761-4077
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8lc01140k
https://pubs.rsc.org/en/journals/journal/LC
https://pubs.rsc.org/en/journals/journal/LC?issueid=LC019002

93]
a1 = 9] o

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 14:December 2018. Downloaded on 11/6/2025 8:08:08 PM-

) A

40

50

9]
9}

Lab on a Chip

affords a similar degree of control for the position and shape
of regions of different chemical solute composition." As in
the case of laminar flow patterning, we expect our technique
to be widely applied for both local gel patterning and cell cul-
ture. 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,'*** with a 40
kDa tracer dye chosen to match the diffusivity of the com-
monly used morphogen vascular endothelial growth factor
(VEGF-A).>* Furthermore, we demonstrate that the hydrody-
namic time response of the system is fast compared to rele-
vant biological timescales and that the technique is extensi-
ble 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 effec-
tively control flows through gels and how concentration pro-
files 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® as
opposed to the typical parabolic flow profile in microchannels.
Accounting for plug flow actually simplifies the typical calcula-
tions and also implies other benefits such as reduced diffu-
sion of large molecules®® and reduced dispersion.>**”

Fig. 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 po-
sition of the central stream in the main channel (green in the
figure) as a function of the pressures applied to the three in-
lets. The behavior of the streams in the main channel de-
pends on the relative contribution of each inlet flow to the to-
tal 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 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 modifi-
cations to the typical flow resistance equations must be
made. The textbook definition of the flow resistance for a
small, non-gel-filled, channel is:

This journal is © The Royal Society of Chemistry 2019
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Fig. 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 eqgn (5) and (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.

SuL
R, . =— 1
Poiseuille Arz ( )
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 me-

dia, the flow profile is instead given by Darcy's Law®
v=Svp )
u

where « 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 eqn (2) and our knowl-
edge that flow resistance is simply the ratio between pressure
drop and flow rate for a given geometry, we write the flow re-
sistance for a gel-filled channel of length L and uniform
cross-section 4 as:

BL 3)

D =
arcy KA

With the correct flow resistance for a gel in mind, we re-
cast our system as the hydraulic resistor network shown in
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Fig. 1. In this system the flow rate in a given channel can be
written in terms of the inlet pressures as:

A B A
P R R, R
—In_ "M "2 73 4
G R, R, R R R @
n 7-'— +7 L
R, 2 3 4

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

Central stream placement

We wish to use our system to deliver solutes to certain loca-
tions in the main channel by introducing them in the central
focused stream (green in Fig. 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 po-
sition 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 frac-
tion of flow that a given inlet contributes to the total flow
equals the fractional width of the stream it produces with re-
spect to the total channel width. So, for our system we can
write the width of the n-th stream as:

Qn

w,= 070.40. W o (5)

where W, is the width of the n-th stream in the main channel
and Wia 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:

L{ 9 ()

+= ]VVtolal (6)
0+0,+0 20+0,+0

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

,_0+0,+0,

y )

‘main

where A,,.in is the cross-sectional area of the main channel.
Eqn (4) through (7) are then solved simultaneously by first
substituting in eqn (4) for each flow rate in eqn (5) through
(7) then determining the input pressures (P;, P,, and P;) re-
quired to generate the specified conditions.

208 | Lab Chip, 2019, 19, 206-213
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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 lat-
eral distance and y as the downstream distance) concentra-
tion profile in the channel, we will consider it as a series of
1D concentration profiles translating 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 de-
pend on the flow rate, the textbook®® definition of the time
evolution of a 1D profile that begins as a perfect plug is:

c,(xc,t)—Cz"[erf(xi/%?j—erf(xi/%?j] (8)

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, ¢ is the time since the plug was intro-
duced into the system and ¢, is the initial concentration of
the solute considered.

If we consider the profile to be translating at a constant
velocity we can rewrite eqn (8) as:

X, +Ax, —erf x, —Ax, )

\/4D \/41)
y —y
v v

¢, (x.,») :6—20 erf

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

We will use this equation to predict the concentration pro-
file at a given distance downstream from the junction. Eqn
(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 re-
moved from the mold, and 1 mm inlets were made with a
biopsy punch (Harris Uni-Core). The chips were then

This journal is © The Royal Society of Chemistry 2019
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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 minutes. Devices
were then briefly rinsed with 90% ethanol before being sub-
merged in 10% w/w glutaraldehyde (Sigma-Aldrich) in
phosphate-buffered saline (PBS, Sigma-Aldrich) for another
30 minutes. Finally, the chips were filled with a 4 mg mL™
solution of titrated rat tail collagen I (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 di-
mensions were 1 x 1 mm for the inlets and 2 x 2 mm for the
channel after the junction. The reader may find the STL
model in the supplementary information. 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 uL of 10%
ammonium persulfate (APS, BioRad) the chips remained sub-
merged for 30 minutes. Then they were rinsed with 90%
ethanol, treated with the glutaraldehyde solution mentioned
above and filled with the titrated collagen solution men-
tioned 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 chan-
nel of the device. Chip inlets were fitted with 200 ul 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 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 experi-
ments were run in the 2D devices. Before a chip was used for
an experimental run, a single 2 minutes calibration was done

This journal is © The Royal Society of Chemistry 2019
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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 the ESI} From these calibrations we can also
estimate a gel Darcy permeability of 4.7 x 10™'° ecm® which
lies within the range of those found in the literature for simi-
lar gels.” After calibration, eqn (5), (6) and (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 concentra-
tion profiles fell in the range of 0-25 mBar depending on the
device used and the desired profile. Width control was vali-
dated 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™". Sim-
ilarly, 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 um to 1350 um in increments
of 300 um. For each tested condition, the flow was allowed to
fully develop for 10 minutes 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 ex-
periments. To do this we first measured the diffusion coeffi-
cient of the FITC dextran, as described in the supplementary
information, and obtained a value of 5.5 x 10" m? s, a
similar value to those found in the literature.** This value
was used with eqn (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 pum.
We considered this the target profile width reported in Fig. 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 target distance was instanta-
neously alternated from 150 pm to 1350 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 ma-
nipulating only the inlet pressures. For a given concentration

Lab Chip, 2019, 19, 206-213 | 209

vl

10

[\
w1

30

40

[9)}
w1


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8lc01140k

93]
Thisarticleis licensed under a Creative Commons Attribution 3.0 Unported Licence.

321

Open Access Article. Published on 14:December 2018. Downloaded on 11/6/2025 8:08:08 PM-

) A

40

50

9]
9}

Communication

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 Fig. 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 (Fig. 2, top).

The direct agreement between target and measured posi-
tion was strong (R> = 0.97) with an average difference be-
tween measured and target position of 50 microns. It is
worth noting that in the case of the far left and far right pro-
files 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 symmet-
rically and the center position is unaffected. In the case of
the far left and far right profiles, the concentrated region is
flush with the wall of the channel, so the profile can only dif-
fuse in the direction of the center of the channel. This asym-
metric 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
Fig. 3 (bottom). For each profile, the position of the concen-
trated 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 the target width of the profile
(Fig. 3, top). The inlet pressures applied to generate the tar-
get width were specified by eqn (5) and adjusted to correct
for diffusion as predicted by eqn (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 con-
trol, with the measured width consistently larger than the tar-
get 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, con-
trol of the width is relatively precise. This can be concluded
from Fig. 3 where the deviation in measured width from

210 | Lab Chip, 2019, 19, 206-213
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Fig. 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. Er-
ror 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.

device to device (error bars) is small compared to the devia-
tion from the target width. Furthermore, measured width
and target width are strongly correlated. These combined
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Fig. 3 Width control of laminar streams inside a hydrogel-filled micro-
fluidic channel. Top, width at 50% maximal intensity, measured 1.5 mm
from the junction for 5 different target widths plotted against the tar-
get 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 pm.
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Fig. 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 en-
hanced 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 Fig. SI-5.} Scale bar is 500 um.

imply that the inaccuracy could be modeled and calibrated
for in future work.
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We include a more detailed theoretical discussion of fac-
tors affecting profile broadening in the ESLf 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 (Fig. 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 sec-
onds 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,*® the compliance of the Tygon tubing used
and the flow resistance of the gel-filled device. To character-
ize the net effect, an RC time of 61.8 seconds was calculated.
This response time did not significantly affect our ability
to generate the standing concentration profiles shown in
Fig. 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 pm 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

2000
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1000

500

0 500 1000 1500
Horizontal Position (um)

2000

Fig. 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.

This journal is © The Royal Society of Chemistry 2019

Lab Chip, 2019, 19, 206-213 | 211


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8lc01140k

93]
a1 = 9] o

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 14:December 2018. Downloaded on 11/6/2025 8:08:08 PM-

) A

40

50

9]
9}

Communication

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 appli-
cations 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 re-
duced by using shorter and stiffer tubing.

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
Fig. SI-371 for further information.

Extension to 3D: controlling stream position in both
horizontal and vertical direction

While a 2D junction can be used to manipulate a concentra-
tion 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 Fig. 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 bot-
tom and side of the chip. The position and width of the
resulting profiles are represented in Fig. 5 (bottom). The
three distinct horizontal positions (x axis) show that the posi-
tion can in fact be controlled by the pressure applied to the
left and right inlets just as with the 2D device. The simulta-
neously plotted vertical positions (y axis) are distinct from
each other and independent of the horizontal position show-
ing that the chip allows full 3D control of the profile. The
raw data and pressures used can be found in the ESL}

Conclusion

Previously, laminar flow patterning has been used to locally de-
liver chemicals to flat surfaces in open microfluidic devices.'
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 re-
sponse of the system. Furthermore, we show that the tech-
nique can be used in a truly 3D capacity by 3D printing and
testing a version of our device with five inlets for both hori-
zontal 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
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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 stim-
uli. The ability to very locally dose cell cultures may also pro-
vide new techniques for guiding the development of tissues
in organs-on-chips.>*™*

In addition to biological applications, our technique pro-
vides 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 colla-
genase. Also, instead of relying on 2D top down patterning
techniques, our method would allow control over local stiff-
ness of gels from the inside out by manipulating the concen-
tration profile of a cross-linker within the gel.

In summary, our technique is a powerful extension of tra-
ditional laminar flow patterning from patterning of 2D sur-
faces 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 cul-
ture models and organs-on-chips.
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