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Dopamine (DA) is a neurotransmitter that controls motor movement. Patients who suffer from
Parkinson’s disease (PD) have deficiencies in their neurons that synthesize and release DA. Current
therapies for PD lessen symptoms by supplementing the lost dopamine; this improves patient quality of
life but does not treat the underlying disease mechanisms. Neural stem cells (NSCs) have the potential to
regenerate lost neurons and restore healthy dopamine levels in PD patients due to their ability to
differentiate into all types of neurons. Differentiation of NSCs in vivo is primarily regulated through the
localization and concentration of soluble molecules in the cellular microenvironment; microfluidic
devices can be used to replicate this process in an in vitro setting. Here, we adapted and fabricated a
microfluidic device, originally devised by Jeon et al., that utilizes seven Christmas tree structures to
generate an array of discrete concentrations of soluble molecules. By integrating this system to flow
concentrations over a cellular microarray, the effects of various factors on NSC differentiation can be
tested in a high-throughput and temporally dynamic manner. This will enable efficient identification of
mechanisms related to the differentiation of dopaminergic neurons, and ultimately produce a homogenous

population of neurons for regenerative medicine therapies.

Introduction

The limited amount of cell proliferation in the mature nervous
system is devastating for patients with neurodegenerative
diseases resulting from the loss of neuron structure and function.’
This is especially true with Parkinson’s disease (PD), which is
caused by the loss of dopaminergic neurons in the midbrain.>
Patients with PD experience tremors, compromised coordination,
and other diminished motor functions that decrease their quality
of life?> The National Institute of Health estimates that
approximately 500,000 Americans currently suffer from PD, with
another 50,000 new incidences occurring annually.® Presently,
there is no cure for PD; current therapies treat the symptoms
without correcting the underlying neuron loss.! Fortunately,
recent research suggests a regenerative therapy approach may be
appropriate, as neural stem cells (NSCs) have been shown to
differentiate into all the neuron types present in the nervous
system.' One of the factors that determines NSC fate in vivo is
the exposure to concentration gradients of soluble factors, such as
fibroblast growth factor (FGF), sonic hedgehog (Shh), Wnt, and
bone morphogenic proteins (BMPs).* Based on the position of a
cell within the gradient, gene expression, and subsequently cell
fate, can be tightly controlled.* Although this approach is
promising, many of the factors that induce specific NSC lineage
differentiation need to be identified and examined before this
becomes a viable treatment option.

Using standard cell culture techniques to test for optimal
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soluble factor concentrations would be extremely expensive and
time A  more high-throughput method for
accomplishing this involves the implementation of microfluidics.
Previous studies have demonstrated that various microfluidic
can generate accurate, reproducible concentration
gradients of soluble molecules."" Microfluidics have the
additional benefit of being able to be integrated with clonal
microarrays, which consist of hundreds to thousands of separate
cell colonies seeded onto a patterned surface.'> Microarrays allow
for the high-throughput, simultanecous analysis of many
conditions when incorporated into a gradient-generating
microfluidic device. Following testing, individual cell colonies
can be recovered, expanded with standard cell culture techniques,
and examined using biological assays to analyze cell fates. !>

Manipulating flow rates of fluids in microfluidic devices can
alter the flow regimes. The dominant flow regime depends on the
value of the dimensionless Peclet (Pe) number, which determines
the balance between convection and diffusion.'> If Pe >> 1,
convective flow dominates and any soluble factors released by
cells within the microfluidic device are swept away by the
convective fluid flow, minimizing paracrine and autocrine
signaling. However, if Pe < 1, diffusion dominates convection
and paracrine and autocrine signaling can occur.'® Therefore, the
ability to include autocrine and paracrine signaling
microfluidic devices is easily tailored based on the input velocity
and corresponding Peclet number.
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Figure 1: a) Complete concentration array generation system showing the location of where the glass coverslip with the
cellular microarray will be placed. b) Magnification of one Christmas tree structure indicating the important features of the
design. ¢) Further magnification of where the mixing channels convert to the singular concentration channels that will flow

fluids over the cellular microarray.

Another important dimensionless variable to consider when
manipulating flow regimes is the Peclet-number-to-Damkohler-
number ratio. The Damkohler (Da) number determines the
balance between diffusion and ligand reaction with the cell
receptor. Consequently, the Pe/Da ratio determines the balance
between convection and ligand reaction with the receptor.
Convection dominates ligand-receptor reaction when Pe/Da >> 1,
which supports minimizing autocrine and paracrine signaling. If
Pe/Da ~ 1, then ligand-receptor reaction will occur before
convective flow removes ligands from the cell surface.'

Following the Christmas tree design first established by Jeon
et al." to create a concentration array generator, we fabricated a
platform that integrates this microfluidic device with a cellular
microarray for examining NSC responses to soluble factors. This
system allows for high-throughput analysis with reduced costs
and reagent quantities, efficient manipulation of fluids, and
beneficial fluid characteristics, such as laminar flow. With this
platform, we hope to be able to determine the specific soluble
factor concentrations necessary to elicit NSC differentiation
down specific neuronal lineages. This knowledge can then be
applied to direct controlled differentiation of NSCs for use in
regenerative therapies.

Materials and methods
Microfluidic device description

Our microfluidic device contains seven Christmas tree
concentration array generators, as shown in Figure 1. A negative-
replica silicon master was fabricated with 200-pm high SU-8 100
features (MicroChem, Newton, MA) following the manufacture’s
protocol." The polydimethyl siloxane (PDMS) mold for the
experimental device made using soft lithography
techniques.'* Briefly, 184 Silicone Elastomer base and curing
agent (Dow Corning, Midland, MI) were mixed at a 10:1 base-to-
curing-agent ratio to generate the mold solution. This solution

was

was poured on top of the negative silicon master and placed in a
vacuum chamber, where a vacuum was pulled for approximately
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30 minutes. Next, the PDMS was cured at 100 °C for 1 hour.
Plasma oxidization was used to bind the PDMS to a 1.0-mm thick
glass piece for experimentation.

Computational analysis and statistics

A theoretical simulation of the concentration array generation
was conducted using COMSOL Multiphysics 4.2 (Comsol Inc.,
Los Angeles, CA) software. This analysis was performed using
the microfluidics module with creeping flow and transport of
diluted species modeling. Creeping flow was velocity-driven
using a variable input flow rate of incompressible fluid.

For the fluorescence comparison and convection flow
analysis, an input velocity of 1.67 mm/s, which corresponds to a
volumetric flow rate of approximately 1 pL/min, was used. For
flow allowing reaction and diffusion, modeling was done with an
input flow rate of 7.85x10™* mm/s. The transport of diluted
species analysis was coupled to the velocity inflow from the
creeping flow model. A linear solver was used to calculate the
theoretical concentration gradient using an “extremely fine”
general physics, tetrahedral mesh. Graphing and statistical
analyses were conducted using Sigma Plot (Systat Software Inc.,
San Jose, CA).

Fluorescence imaging

The microfluidic device was utilized to generate concentration
arrays that were examined with a fluorescence microscope.
Solutions of 0 uM and 25 pM fluorescein isothiocyanate (FITC)-
labeled dextran (40 kDa, Sigma Aldrich, St. Louis, MO) were
injected into the two inlets of one Christmas tree structure at flow
rates of 1.0 puL/min. A concentration array was generated and
allowed to equilibrate for over 10 minutes. The device was
imaged with an Olympus 1X81 Environmental Microscope
(Olympus Valley Inc., Center Valley, PA) using cellSens
Dimension software (Olympus Valley Inc., Center Valley, PA).
FITC intensity analysis was conducted using ImageJ (free source)
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Figure 2: The PDMS mold containing the concentration array generator was plasma oxidized to the glass bottom plate. This glass piece
had a cutout section to allow for the integration of the gold-coated glass piece with the cellular microarray. The microarray was aligned
with an electronic aligner and inserted from underneath, followed by a gasket and sealant to secure it in place during imaging and
experimentation. After experiments were complete, the gasket and sealant were taken out to remove the microarray.

software. Three regions of interest were chosen in each cell

channel and an average intensity was determined from them. A Results and discussion

standard curve was developed to relate intensity to concentration

of FITC-dextran. Six samples (0 uM, 5 uM, 10 uM, 15 uM, 20
s UM, and 25 puM) were created through serial dilutions and a 25 The concentration gradient computed by the COMSOL analysis

Computational analysis and statistics

single standard concentration was pushed through the was consistent with what was expected based on previous
microfluidic device for imaging and analysis to determine the descriptions in literature.!! As depicted in Figure 3, the model
corresponding intensity. The same exposure rate was used for demonstrated diffusive mixing in the serpentine channels of the
standards and experimental samples. Ethanol was washed through microfluidic device. The final concentrations generated are
10 the device between samples. 30 shown in Figure 4, normalized to the maximum concentration for
ease of comparison with experimental results. The concentration
. gradient generated by the COMSOL simulation adhered to an
Integration . . . 2
expected binomial trend with an R value of 0.996 and accurately
As shown in Figure 2, the surfaces of the PDMS and glass bottom predicts the concentrations of the constructed Christmas tree
plate were plasma oxidized and aligned so that the cell channels 35 gradient for flow rates up to 1.67 mm/s (1 uL/min). This flow rate
15 of the concentration array generator were arranged above the was verified for adequate diffusion of bovine serum albumin in
opening for the clonal microarray. The microarray was then the serpentine channels using transport equations (see
aligned from underneath and inserted along with a gasket and supplementary information,  Diffusion  within ~ Serpentine
temporary sealant to secure it in place and prevent the device Channels).
from leaking at the glass interfaces. After experimentation, the . . .
. Gradient Generation Concentration vs.
20 sealant was peeled away and the gasket was removed in order to
. . 30 Channel Number
take out the microarray and enable the colonies to be expanded
and analyzed for induced cell fates. .
25 X Experimental
Surface Concentration Through Channels =) >F COMSOL
220 X x
£ X
g 15 x
g
= g 10 X x
3 &
=]
S 5
g X %
g 0 »
8 0 2 4 6 8 10
© Channel
40 Figure 4: Normalized concentrations from computational
analysis and experimental testing. The computational analysis

follows a binomial trend, and the experimental testing adheres
Figure 3: COMSOL three-dimensional computational model closely to this except for channels six and eight. These

showing diffusive mixing in the serpentine channels. discrepancies may have resulted from increased resistances in the
45 upstream channels, which altered fluid flow through the system.
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Figure 5: a) Convective-dominated flow regime (Pe=74,
Pe/Da=1254). Distinct concentration streams are maintained for a
significant distance into the next serpentine channel. b)
Diffusion/reaction dominated flow regime (Pe=0.05, Pe/Da=1).
Diffusive mixing occurs in the horizontal channel. Depending on
the input flow, a prediction can be made as to whether the flow
will be convective or diffusion/reaction-dominated. This
determines whether or not autocrine and paracrine signalling can
occur between the cells in the cell channels. These flow regimes
can be modelled using the COMSOL software, allowing for the
determination of soluble factor concentrations exposed to cells.

Using COMSOL, flow in both the convection-dominant and
diffusion-reaction regime can be accurately modeled. Figure 5a is
a depiction of channel mixing in a convection-dominant regime
(Pe=74, Pe/Da =1254). Distinct concentration streams retain their
integrity for a significant distance down mixing channels. Flow in
a diffusion and reaction regime (Pe=0.05, Pe/Da=1), as seen in
Figure 5b, is characterized by diffusive mixing prior to the
mixing channel itself. As a result, the overall gradient generated
depends on the input flow parameters. The COMSOL simulation
enables theoretical predictions of the gradient generated in all
flow regimes, allowing for characterization of experimental
results.

Fluid shear stress on cells

Through COMSOL analysis and manual calculations (see
supplementary  information, Diffusion within  Serpentine
Channels), the maximum fluid shear stress on each individual cell
in the cell channels was determined to be 0.021 dynes/cm?. This
is an order of magnitude lower than what is considered to be low
cell shear stress, meaning no adverse effects will be imposed on
the cells by shear stress while fluids are flowing through the
device."

Fluorescence imaging

The concentration gradient generated in the experimental device
is shown in Figure 4. The concentration in each channel was
calculated based on the standard curve relating fluorescence
intensity and concentration (data not shown). These values were
normalized to the maximum concentration for ease of comparison
with computational results. The developed concentration array
was consistent with the COMSOL analysis, suggesting the device
functioned in accordance with the predictions made in the
simulation. However, channels six and eight were slightly lower
than predicted. This may have been due to an obstruction in the
channels upstream of where the measurements were taken, which
would have altered the channel resistances and subsequently fluid
flow.

Conclusions

Here, a microfluidic concentration array generator was designed
40 and fabricated. Computational and experimental arrays were
developed and found to yield consistent results. Now that
functionality has been confirmed, the experimental device can be
integrated with a cellular microarray for the high-throughput
analysis of soluble factor concentrations on inducing NSCs to
4s differentiate into dopaminergic neurons. Hopefully this will help
elucidate optimum factor concentrations and combinations for
specific and efficient homogeneous differentiation of NSCs. This
device has the potential to be expanded to applications for
studying other stem cells fates as well as drug screening to
so determine optimal dose concentrations.
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Supplementary Information: Transport equations
for adequate diffusion and fluid shear stress

Diffusion within serpentine channels

Diffusion through the serpentine channels was modeled using
COMSOL which was then verified using transport phenomena
equations. We chose to use bovine serum albumin (BSA) as a
model protein due to its large size (66.4 kDa).! We will be using
proteins that are smaller than BSA, so BSA is modeling a very
maximal situation. The diffusion coefficient of BSA is reported to
be D=6.81 x 10" m%s.% Diffusion follows Fick’s law, relating
the velocity vector of the fluid to the diffusion coefficient and
concentration gradient, which can be seen as equation 1.

Equation 1- T4 (v-VC) = D x V3G,

This is greatly simplified if diffusion is present in only one
direction. Luckily, in our case diffusion is only important in the
direction perpendicular, but in the same plane as the flow. Using
this simplification, it is easy to solve for the time it takes particles
to diffuse from the boundary layer of two neighboring streams, to
thze4opposite channel wall. This equation can be seen as equation
2.~

dZ
)

Equation 2- t

Here, d is the distance to diffuse and D is the diffusion
coefficient. Applying this to our microfluidic device where d = 50
microns (50 microns divided by two is 25 microns, which is
technically the distance a molecule needs to travel since there are
two neighboring streams in one channel; however, modeling the
diffusive distance as 50 microns gives us a safety factor of two
built in) and D = 6.81 x 10" m%s (BSA diffusivity) yields a time
0f 9.18 seconds for the establishment of diffusion equilibrium.
Since we know the flow rate of our fluid, we can determine how
far this mixing stream will travel down the serpentine channel
using the diffusion time reported above. We can then compare
this distance to the known distance of a single serpentine channel,
which is 10.55mm. If the distance traveled by the mixing fluid is
less than the distance of a serpentine channel, then we know the
flow rate will allow for adequate diffusion of molecules in the
serpentine channel before the next branching point. However, if
the distance traveled by the mixing fluid is greater than the length
of a serpentine channel, then we need to lower the flow rate to
allow for more time in the serpentine channel for adequate
diffusion.

Since our device utilizes two inputs at an equal flow rate, the
greatest flow rate will be in the first branch of serpentine
channels (since the two input flow rates divide into three
serpentine channels, each serpentine channel will have a flow rate
equal to 2/3 the input flow rate). Further branching within the
Christmas tree gradient generator will result in a decreased flow
rate for each successive branching level, which will allow for
more time for diffusion. Thus, it is appropriate to model the
diffusion solely within the first three serpentine channels since
these will experience the least time to achieve diffusion
equilibrium as they experience the greatest flow rate.

A flow rate of 0.685 uL/minute resulted in a distance traveled
of 10.48 mm by the mixing fluid. This is the maximum flow rate
which still allows for proper diffusion within the length of a
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single serpentine channel (since 10.48 mm is less than 10.55
mm). This translates to an inlet flow rate of 1.0275 uL/minute.

Fluid shear stress on cells

In pressure-driven flow systems, such as our microfluidic device,
the pressure drop, AP, is related to the volumetric flow rate, Q,
and fluid resistance, R, via equation 335

Equation 3- AP =Q *R
In our specific system the cell culture channels have a

rectangular cross-section. Fluid resistance for this type of cross-
section is described by equation 4.

12xpuxL
tanh((Z*n+1)%)
(2n+1)5

R =

Equation 4-
192

2
hZxw(1 p=yevs

Y=o

Here, h = channel height, w = channel width, L = channel
length and p = fluid viscosity. For simplicity, this can be modeled
using equation 5.

Equation 5- R =121t

wxh3

We assumed our flow profile through the cell culture channels
would be well-approximated by laminar flow through a narrow
slit. The velocity profile through this type of slit is described by

equation 6.
=)

Using Newton’s law of viscosity’ (equation 7) we can solve for

AP+w?
2% u*L

Equation 6- () =

s the momentum flux, .

Equation 7- T=—px_-

Substituting equation 6 into equation 7 and taking the
derivative of the velocity profile allows us to solve for the max
shear stress which occurs at the channel wall, i.e. when x =w
(can assume this because we are assuming a “no-slip” condition
at the wall, meaning the fluid at the wall is not moving). This
results in equation 8.

_ 12+uxQ
Tmax - h3

Equation 8-

Using this final equation, the viscosity of water, h =130
microns (the cell channel is 200 microns tall but we are assuming
there is a cellular colony seven cells high on a pixel, each cell
being 10 microns high), and the flow rate discussed in the above
diffusion section, cells in this type of system would experience a
maximal shear stress of 0.021 dynes/cm?. This is an order of
magnitude lower than what is considered low cell shear stress®
and is two orders of magnitude below typical physiological shear
stresses experience by endothelial cells during normal blood flow
which is approximately 2 dynes/cm®.” Thus, adverse affects due
to shear stress should not be a problem in this design.
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