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Axon polarization and guidance of primary cortical neurons was quantified during
multi-day exposure to forskolin using a PDMS/PEG-DA gradient generator.
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A deep understanding of the mechanisms behind neurite polarization and axon path-finding is important
for interpreting how the human body guides neurite growth during development and response to injury.
Further, it is of great clinical importance to identify diffusible chemical cues that promote neurite
regeneration for nervous tissue repair. Despite the fast development of various types of concentration
gradient generators, it has been challenging to fabricate neuron friendly (i.e. shear-free and biocompatible
for neuron growth and maturation) devices to create stable gradients, particularly for fast diffusing small
molecules, which typically require high flow and shear rates. Here we present a finite element analysis
for a polydimethylsiloxane/polyethylene glycol diacrylate (PDMS/PEG-DA) based gradient generator,
describe the microfabrication process, and validate its use for neuronal axon polarization studies. This
device provides a totally shear-free, biocompatible microenvironment with a linear and stable
concentration gradient of small molecules such as forskolin. The gradient profile in this device can be
customized by changing the composition or width of the PEG-DA barriers during direct UV photo-
patterning within a permanently bonded PDMS device. Primary rat cortical neurons (embryonic E18)
exposed to soluble forskolin gradients for 72 hr exhibited statistically significant polarization and
guidance of their axons. This device provides a useful platform for both chemotaxis and directional
guidance studies, particularly for shear sensitive and non-adhesive cell cultures, while allowing fast new
device design prototyping at a low cost.

Introduction (Epac)*®. Previous in vivo studies have used local injections * and
genetic mutations in animals, while in vitro studies have used

s micropipette assays ' and substrates patterned with biochemical
stripes ° to elucidate the effects of forskolin on neurons.
However, multi-day in vitro exposure of mammalian neurons to
stable, soluble forskolin gradients has not previously been
possible.

Regeneration of tissue in the central nervous system remains a
critical unmet clinical challenge. Studies in the past 10 years have
discovered a variety of mechanical and chemical cues that
influence neuronal cell migration, neurite growth, and axon path-
finding. In addition to traditional large molecules such as
proteins, there has been persistent interest in small molecules for
their potential clinical use to induce neuronal chemotaxis and
neurite growth and guidance. Small molecules typically have
better oral bioavailability, faster pharmacokinetics, and usually
are less challenging for large-scale production at low cost.

A variety of in vitro chemotaxis assays have been developed to
investigate how various factors act individually or collectively to
regulate cell movement by creating a spatial concentration
gradient of compounds of interest. Traditional in vitro chemotaxis
assays (e.g., micropipette assays ", diffusion chambers *'',
Boyden chambers '*'*, Zigmond chambers ', and Dunn
chambers 16) create gradient profiles that are often transient and
unstable over multi-day time-scales. Mammalian neurons grow
slowly in comparison to other cell cultures, thus precluding their
use in studies that utilize these assays. In addition, many of these
techniques are incompatible with direct cell-imaging, which
prevents quantitative single-cell analysis, making it impossible to
Department of Material Science and Engineering distinguish between chemokinesis, chemotaxis, and
476 Lomita Mall, McCullough Building chemoproliferation . The advent of soft lithography '* for
Stanford University 70 producing microfluidic devices led to the development of
Stanford, CA 94305-4045 microfluidic gradient generators for studying chemotaxis. The
Email: heilshorn@stanford.edu . .
first generation of these devices expose the cells to shear flow,
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Forskolin is an example of a small molecule known to enhance
neurite growth ' and neuronal survival **. Forskolin promotes
axon formation, growth cone turning and axon path finding
through the activation of adenylyl cyclase, which increases
intracellular levels of cyclic adenosine monophosphate (cAMP)
and leads to activation of cAMP-sensitive pathways, such as
protein kinase A (PKA) and exchange protein activated by cAMP
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Figure 1. Fabrication of chemotaxis devices with PEG barriers. A. Device fabrication includes standard soft lithography to generate and bond the
PDMS layer to coverglass followed by silanization to modify the surfaces with methacrylate moieties (Fig. A1), vacuum filling of PEG-DA solution
throughout the entire device (Fig. A2), UV patterning of PEG-DA barriers (Fig. A3) and water rinsing to remove uncrosslinked PEG-DA solution (Fig.
s A4). B. Without vacuum filling, significant gaps (arrows) remain between the PDMS and PEG-DA structures. C. Vacuum filling eliminates gaps between
the PDMS and PEG-DA hydrogel barriers. D. A finished device had three fluidic chambers and two PEG-DA barrier structures (barrier on the left is
outlined with a dashed line). The “finger” structures were designed to increase the contact surface area between PDMS and PEG-DA for a stronger bond.

which can bias cell movement and is detrimental to shear-
sensitive cells, such as neurons '*?°. The high diffusivity of small
10 molecules, such as forskolin, exacerbates this issue by requiring
higher flow rates to compensate for the rapid decay of the
concentration gradient. Recently developed microfluidic
platforms include a family of devices that utilize various
strategies to restrict convective flow while still enabling Fickian
s diffusion to generate either soluble or surface-bound ¢’
chemical gradients. Micro-jets *** take advantage of the
incompressibility of fluid, which directs the micro-jet flow
upward, providing a shear-free gradient-generating region
everywhere except the boundary near the micro-jets. An
2 alternative approach modified the original serpentine device
designed by Whitesides et al. '*?' by layering it on top of a series
of microwells, which creates a controllable gradient without the
high shear stress. Other strategies use increased fluidic resistance
to reduce shear, by designing a gradient-generating region with a
2 significantly smaller height than the main channels **** or by
separating the gradient-generating region from the main channels
using microcapillaries >**°. Membranes '**'** and hydrogels ***
have also been incorporated into gradient-generating devices to
increase fluidic resistance.
30
Hydrogels are an ideal candidate for restricting convective flow
while still enabling diffusion of small molecules. Microfluidic
device designs have used an assortment of both natural and
synthetic hydrogels for generating chemical gradients, including
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agarose , matrigel **, collagen *, and polyethylene glycol
(PEG) **°. Although prepolymers can be crosslinked via
irradiation, chemical cross-linking agents, ion solutions,
temperature control, or by protein-protein interactions **>*, light
patterning allows precise temporal and spatial control of
polymerization without direct contact between the UV light
source and the precursor solution, as demonstrated by the work of
Doyle ef al. on stop-flow lithography *°. UV curable polymers
include polyethylene glycol diacrylate (PEG-DA), dextran
acrylate, Pluronic™-DA and many others %, PEG is an FDA-
approved material for medical use and is a well-known
hydrophilic, biocompatible material widely used for surface
modification of biomedical devices. PEG and/or PEG-DA
crosslinked microstructures have been used in cell culture ¢!,
drug delivery ®, pH sensing ®, mechanical gradient formation in
materials ®%° chemokine gradient formation in 2D *°, and 3D
crosslinked integrin-ligand gradients .

Despite the wide use of PEG and PEG-DA hydrogels in
biotechnology applications, PEG structures do not bind strongly
to PDMS, making it challenging to generate microfluidic
pathways using these materials. Oxygen inhibits the crosslinking
reaction at the PDMS boundary, creating a thin layer of
uncrosslinked prepolymer between the PEG structures and the
PDMS walls >’ For this reason, most microfluidic systems that
use PEG structures require a separate manifold to form a good
seal **°%%® This fabrication process requires external housing

This journal is © The Royal Society of Chemistry [year]

[journal], [year], [vol], 00-00 | 2



o«

15

a

>
bz

w
=3

Lab on a Chip

systems, which are prone to liquid leakage and can be
challenging to assemble. To overcome this challenge, we have
developed a novel fabrication process that utilizes surface
silanization and vacuum filling to aid direct photopatterning of
PEG-DA hydrogel barriers, which results in strong PDMS/PEG-
DA anchoring.

Here we present the first multi-day study of forskolin gradients
on guided axon growth of mammalian cortical neurons, which
was enabled by the development of a shear-free PDMS/PEG-DA
hybrid microfluidic device. The PDMS/PEG-DA device
generates reproducible, linear concentration gradients for fast-
diffusing small molecules. Exposure of neurons isolated from
E18 rats to a forskolin gradient resulted in guided axon growth
that favoured the direction of higher forskolin concentrations.
This microfluidic platform is universal and may be readily
applied to chemotaxis studies of other small molecules with a
variety of cell types, particularly shear-sensitive neurons and low-
attaching suspension cell cultures.

Materials and Methods

Device design and fabrication

The microfluidic pattern of the gradient generator was designed
in AutoCAD (Autodesk, Inc., San Rafael, CA), and an SUS8
master of the device was fabricated using standard soft

s lithography protocols. Briefly, a thin layer of SU8 (80 um-thick,

MicroChem Corp., Newton, MA) was spin-coated onto a silicon
wafer, and the CAD patterns were transferred to this SUS8 layer
through a transparency photo mask (Infinite Graphics, MN).
Upon curing, the SU8 master surface was then treated with 3-
aminopropyl trimethoxysilane (Sigma, St. Louis, MO) to form a
release layer. To make PDMS devices, a 10:1 w/w mixture of
Sylgard 184 monomer and hardener (Dow Corning, Corning,
NY) was poured over the SU8 master in a dish, degassed under
vacuum for 20 min to remove air bubbles, and then baked at 65°C

s for 1 hr to cure. Inlet and outlet fluidic ports were punched out

using tissue biopsy punches (SYNEO Corp., Angleton, TX).
Permanent bonding between PDMS chips and the cover glass of
Lab-Tek™ chamber slides (Nalge Nunc International, Rochester,
NY) was achieved by a 40-sec oxygen plasma treatment at 80
watts (Branson IPC oxygen plasma Asher, Hayward, CA). A 10-
min post-bake at 65°C on a hot plate was used to strengthen and
accelerate the covalent bonding.

Photopatterning of PEG-DA barriers

Immediately after PDMS/glass bonding, a surface silanization

s solution was injected into the microfluidic channels and allowed

to sit for 3 hrs (Figure 1A. step 1). Silanization of device inner
surfaces was carried out using two types of surface silanization
solutions, 3-(trichlorosilyl)propyl methacrylate (TPM, Sigma) or
3-(trimethoxysilyl)propyl methacrylate (TMSPMA, Sigma).
TMSPMA was diluted in isopropyl alcohol at 1:200 (v/v, 1x
dilution) or at 1:20 (v/v, 10x dilution), and 3% acetic acid was
added to the solution immediately before surface treatment. TPM
was diluted in perfluorooctane (20 pg to 1 g). After incubation,
microfluidic channels were rinsed either with perfluorooctane for

s TPM coating or isopropyl alcohol for TMSPMA coating,

respectively, then with water. Microfluidic channels were then
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emptied by vacuum and allowed to dry overnight at room
temperature.

Before UV patterning of the PEG-DA barriers, the devices with
silanized channel surfaces were first placed into a glass vessel on
a Labconco lyophilizer (Kansas City, MO) and vacuum was
applied at 0.133 mBar for 1 hr (Figure 1A, step 2). PEG-DA
solution was prepared by mixing 20% PEG-DA (MW 700,
Sigma), 30% water and 50% ethanol; 0.1% photoinitiator
(Irgacure 2959, Ciba Specialty Chemicals, Switzerland) was
added into the solution right before injection into the microfluidic
devices. Ethanol was used to promote PEG-DA dissolution and to
decrease solution viscosity ***°. The PEG-DA solution was
immediately added onto the device to cover all the inlet/outlet
openings upon removal of the device from the vacuum chamber,
and allowed to sit for 3 min, during which time the vacuum
within the channels drew the PEG-DA solution uniformly into all
open channels. The microfluidic device was then transferred onto
an inverted fluorescence microscope (Zeiss 200M). The PEG-DA
structures were generated by photocrosslinking the PEG-DA by
focusing UV light from a mercury lamp (X-CITE, Lumen
Dynamics, Canada) through an excitation filter G365 peak
(excitation peak at 365nm, Zeiss #49) using a 40X oil immersion
objective (Figure 1A, step 3). An adjustable diaphragm slide
(Carl Zeiss LLC, Thornwood, NY) was inserted into the optical
pathway to define the UV exposed region (70 to 600 um wide,
600 um long) and thus the dimensions of the crosslinked
hydrogel barriers. Exposure time (500 ms to 1 sec) was controlled
by Axiovision software. Ten to 20 UV exposures were applied
sequentially to form the elongated barrier structures (Figure 1D)
either with manual stage movement or with automatic position
definition in the Mosaic module within the Axiovision software
(Carl Zeiss LLC, Thornwood, NY). Two PEG-DA barrier
structures were generated to form three adjacent channels in each
device (Figure 1D). Non-crosslinked PEG-DA solution was then
rinsed out of the channels with sterile water (Figure 1A, step 4).

The center cell culture chamber of the microfluidic device was
coated with Matrigel (BD Bioscience; San Jose, CA) prior to
neuron culture. Immediately after PEG-DA barrier writing, the
device bonded to the cell culture chamber slide was sterilized
with 70% ethanol and then rinsed with phosphate buffered saline
(PBS). Matrigel was diluted to 0.5 mg/ml in complete neural
culture medium, injected into the center cell culture chamber, and
incubated first at room temperature for 10 min then at 37°C in a
5% CO, tissue culture incubator for a minimum of 3 days. Water
droplets were added in the chamber slide to maintain humidity
and to avoid evaporation from within the device. Neuron cells
(cultured as described below) were injected into the center cell
culture chamber and allowed to attach for one hr. Cell loading
ports were then closed with solid PEEK plugs (Idex Health and
Science), inlet/outlet tubing was connected to a syringe pump,
and medium perfusion was initiated at 10 pl/min. For cell
experiments, the whole microfluidic setup was kept in a
humidified tissue culture incubator for three days. Unnecessary
door-opening was avoided to maintain optimal culture conditions
including temperature, pH and humidity.

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 3

Page 4 of 11



Page 5 of 11

Lab on a Chip

o«

15

a

S

o

=3

&

&

3

by

COMSOL modeling and gradient simulation

COMSOL Multiphysics (Burlington, MA), a commercial finite
element modeling software, was used to simulate fluid dynamics
and diffusion within the microfluidic device. The diffusion
coefficient of fluorescein (MW 372), in water, Dyuoresceiniwater =
6.4 x 10 %cm®s™ ®, and in crosslinked PEG-DA, Diorescein/PEG =
1.5 x 10 °cm?s ™!, was used in all simulations. Djorescein/PEG Was
estimated based on the reported diffusion coefficient of casamino
acid (MW 250, 1.5 + 0.5 x 10 ®cm?s ™' ¥') and 2-NBDG (MW
342, 1.5 x 10 ®cm?s %) in 20% PEG-DA (MW 575).

Gradient verification

Syringes (1-ml, Hamilton Co, 1001 TLL-XL) and tubing
(Hamilton Co, catalog #90676) were rinsed with 70% ethanol
followed by PBS, before filling with neural culture medium with
or without 1 mM forskolin. To quantify the concentration profile,
ImM fluorescein, which has a similar molecular weight to
forskolin (MW 410.5), was added into the medium in the source
channel as a tracer molecule. Fluorescence images were taken
and intensity across the cell culture chambers was quantified with
NIH ImageJ software. Stable gradients formed in less than 15
min for all devices.

Cortical neuron isolation, culture, and immunostaining

Rat cortex tissue was microsurgically dissected from E18
Sprague Dawley Rats, immersed in Hibernate E (Invitrogen and
BrainBits) medium and kept on ice until use. The tissue was
incubated with Tryple dissociation solution for 30 min at 37°C
and then disassociated by sequential triturating with a 1000-ul
pipette tip and glass pasteur pipette (9-inch) with fire polished tip.
Undispersed pieces were allowed to settle for 1 min. Supernatant
with cell suspension was then transferred to a sterile 15-ml tube,
and the cells were spun down at 1000 rpm for 1 min. The cell
pellet was resuspended in neural basal medium (Invitrogen
21103) supplemented with 2% v/v B27 and 1% v/v GlutaMAX
(Invitrogen) at either a high density of 4 million cells per ml or a
low density of 0.4 million cells per ml. Cells were seeded in the
microfluidic devices and cultured for 72 hrs within the forskolin
gradient before immunostaining.

Immunostaining of the neuron cells cultured in the microfluidic
devices was performed with extra care to avoid introducing air
bubbles into the cell culture chamber and the side channels,
especially before the cells are fixed by paraformaldehyde (PFA).
Air bubbles, as well as high-speed flow, may shear and dislodge
cells and delicate neurite extensions from the culture surface. At
the end of the microfluidic experiments, the inlet/outlet tubes and
the center plug pieces were gently removed. Microfluidic
channels were rinsed first with gravity flow of PBS buffer. Then
the cells were fixed with 5% PFA for 10 min, followed by a PBS
buffer rinse. Cells were permeabilized with a blocking solution
(PBS with 0.1% Triton X-100 and 5% donkey serum) for 2 hr.
The cells were then incubated with primary antibodies for 1 hr,
followed by two PBS washes (5 min incubation each wash), and
then two washes with the blocking solution (1 and 30 min,
respectively). The secondary antibodies and/or DAPI staining
were introduced and incubated for 1 hr followed by three PBS
washes. Cells were imaged immediately or mounted with

o
By

=

=)

o

&

o

3

©

b3

3

a

ProLong® Gold Antifade Reagent (Life Technologies) for later

60 assessment.

The following antibodies and reagents were used: anti-MAP2
(Covance, Berkley, CA); monoclonal-pan-axonal neurofilament
marker SMI-312 (Covance). Normal donkey serum; Cy3-
conjugated, donkey-anti-mouse IgG and FITC-conjugated,
donkey-anti-rabbit IgG antibodies were purchased from Santa
Cruz Biotechnology (Dallas, Texas). Primary antibodies were
diluted 1:1000 in blocking solution (PBS with 0.1% Triton X-100
and 5% serum). Secondary antibodies were diluted 1:250 in
blocking solution.

Contact angle and surface protein adsorption measurement
Cover glass was cleaned by sonication for 30 min in 70% ethanol.
Cover glass and PDMS surfaces were silanized for 3 hr before
static contact angle and protein adsorption measurements. Static
contact angle was measured by quantifying the slope of the
tangent line to a water droplet (20 ul) at the liquid-solid-vapour
interface. For Matrigel coating, Matrigel solution was added into
each well of 24-well plates to immerse the coverglass and
allowed to stand for one hr or 3 days at 37°C in a 5% CO, tissue
culture incubator. Protein adsorbed to the coverslip surfaces was
measured using the total protein BCA assay (Thermo Scientific
Inc., Rockford, IL).

Data and statistical analyses

An Image] plugin, NeuriteTracer, was used to track neurite
growth. Axon tracks were analyzed using the Chemotaxis and
Migration tool from Ibidi for the calculation of axon length and
axon orientation. The starting coordinate of each axon track was
defined as the origin (0,0) to create the plot of multiple axon
tracks and angular histograms of axon endpoint positions. Axons
shorter than 10 pm after the 48-hr experiments were excluded
from further analysis. The starting growth angle (0,, Figure 6C)
and the final growth angle (0,) was calculated for each axon, and
the cumulative turning angle was defined as: AO =0, - 0.

Non-paired, non-parametric analysis of variance (ANOVA) was
used to evaluate the statistical significance of protein adsorption
and neuron polarization. Mean and standard deviation are
reported in plots created with GraphPad Prism (GraphPad Inc, La
Jolla, CA). Statistical significance was determined with the
student t test (p <0.05, n > 3). Statistically significant asymmetry
in the angular histogram of axon endpoint positions was
determined using a Rayleigh test with p-value < 0.05.

Results and discussion

Microfluidic device fabrication

The microfluidic, gradient-generator device described here is
fabricated from PDMS, cover glass, and PEG-DA. The pattern in
the PDMS layer outlines the devices while leaving space for
further UV patterning of the PEG-DA barriers (Fig 1A). The
“finger” structures (Fig 1B-D) were designed to increase the
contact surface area of PDMS/PEG-DA for increased bond
strength. The PDMS layer was first permanently bonded to cover
glass with oxygen plasma treatment. The hydroxylated inner
surfaces of the devices were then reacted with TPM or TMSPMA

4 | Journal Name, [year], [vol], 00-00

This journal is © The Royal Society of Chemistry [year]
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Figure 2. Simulation and experimental verification of the gradient response to varied PEG-DA hydrogel barrier widths. A-B. Devices with tapered
barriers generate concentration gradients of different slopes within a single microfluidic device. C-D. Simulations (blue) of fluorescein gradient profiles
within devices with 70-pm and 400-um PEG-DA barrier widths are confirmed by experimental measurements (red). Relative fluorescein concentration is
calculated as a percentage of fluorescein in the source channel

to attach surface-tethered methacrylate groups for covalent
bonding with PEG-DA upon free-radical-induced
photocrosslinking. Both TPM and TMSPMA have been used for
surface silanization of glass, PDMS, and silicone rubber surfaces
to add functional groups or to modify surface hydrophobicity and
biocompatibility 7.

We are the first to use vacuum filling to improve PEG structure
formation in a microfluidic device. The vacuum-filling step was
used to introduce the viscous PEG-DA solution into the channels.
It is a critical step to ensure 1) complete filling of the channels,
and 2) good anchoring between the PEG-DA hydrogel structures
and the PDMS substrate. Vacuum filling uses a degassed PDMS
mold to pull fluids through the microfluidic channels without
external pumping """ It is particularly useful to fill dead-end
channels as well as PDMS structures with sharp corners, such as
the finger structures in this device, which tend to trap air bubbles.
Without the vacuum-filling step, small gaps were consistently
observed between the PEG-DA structure and the PDMS layer
after UV crosslinking (Figure 1B), which caused liquid leakage
and convective flow into the cell culture chamber. The presence
of the thin, non-crosslinked PEG-DA layer is likely due to
inhibition of photocrosslinking by oxygen released from the
PDMS *. When vacuum filling is used, the negative pressure
present inside the PDMS layer functions in two ways: 1) it
maintains a low local oxygen concentration that promotes
complete polymerization of PEG-DA near the PDMS layer and 2)
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it enhances the surface contact between the PEG-DA solution and

the PDMS surface, thereby overcoming the surface

s hydrophobicity and creating a seamless adhesion between PDMS

and PEG (Figure 1C).

PEG-DA was selected as the material for the diffusion barrier
because of its low protein adsorption and its UV crosslinking
capability. As a strongly hydrophilic polymer, PEG (and its
functional variants such as PEG-DA) is very resistant to protein
and chemical adsorption and has been used to minimize
mammalian and bacterial cell adhesion "°. PEG-DA also has great
biocompatibility and has been used in conjunction with other
protein-modified polymers to generate microstructures for 3D
cell culture ™. The unique capability for precise spatial control of
photocrosslinking allows fast, low cost prototyping to modify
microfluidic structures. Although PEG hydrogels have been used
previously in microfluidic devices, previous fabrication strategies
generated hydrogel structures in non-permanently bonded PDMS
devices using screws, clamps or extra housing pieces to maintain
glass/PDMS/PEG contact 4 1n contrast, our approach uses a
unique vacuum filling/UV crosslinking process to generate PEG-
DA barriers that are covalently bonded to both PDMS and glass
surfaces, negating the need for external clamping or housing.
This simple fabrication process allows both bubble-free filling
and seamless PEG-PDMS bonding in one single step. The
completed gradient-generator devices were found to be very
stable and had a shelf life of at least one month with no

This journal is © The Royal Society of Chemistry [year]
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compromise in performance if kept hydrated in water. No
hydrogel detachment or delamination was observed during the
course of all experiments (3 to 7 days).

Finite element simulation and gradient validation

A commercial finite element model, COMSOL Multiphysics, was
used to simulate the two dimensional concentration gradient
profiles at equilibrium for various microfluidic designs (device
dimensions, barrier positions and barrier widths), and to optimize
operating conditions (e.g., flow rates) to produce a stable linear
gradient for a given biochemical diffusivity.

Initial simulations modeled devices with 100-um wide hydrogel
barriers fabricated from 20% (v/v) PEG-DA 575. Our
mathematical models suggested that a critical flow rate of
approximately 1 pl/h is required to maintain the concentration
gradient (Figure S1). Below this critical flow rate, diffusion of
forskolin across the hydrogel barriers dominates over the influx
of the compound into the side channels. As a result, the chemical
concentration decreases along the direction of flow, causing the
concentration gradient (dC/dx) to vary along the y-distance at low
flow rates (Figure S1A). As the flow rate increases, the change in
dC/dx along the y-distance decreases and eventually disappears,
resulting in a uniform concentration gradient in the microfluidic
device (Figure S1B).

Diffusivity across the PEG-DA hydrogel barrier is another critical
factor that shapes the equilibrium gradient profile. Diffusivity is

Contact angle

PDMS Glass

Matrigel * TMSPMA

30
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determined by both the hydrodynamic radius of the solute
molecules and the hydrogel mesh size, which is further controlled
by the polymer molecular weight, polymer concentration,
photoinitiator concentration, and extent of crosslinking reaction).
In a device with 100 pum-wide hydrogel barriers, sharper
equilibrium gradients across the cell culture chamber were
predicted as the diffusivity was increased from 0.1 to 0.64 x
10 °cm?s™" (Figure SID). This observation suggested that
gradient profiles could be tailored by adjusting the MW of PEG-
DA, polymer concentration, as well as crosslinking density to
control the hydrogel mesh size. Larger polymer molecular weight
and lower polymer concentration will result in larger mesh sizes
and faster diffusion. For example, the mesh size for PEG MW
575 was reported to be 15 A, while that for PEG 4000 was 50 A
8 At the same time, hydrogels with larger mesh sizes are
typically mechanically weaker and withstand less pressure. All of
these factors need to be carefully balanced for device design and
materials selection.

The width of the PEG barriers, which can be controlled easily
during photocrosslinking by adjusting the size of the diaphragm
slide on the microscope, is another variable that influences the
final gradient profile. As barrier width increases, diffusion across
the barrier into the cell culture chamber is slower. This increased
resistance results in a reduced dynamic concentration range, and
hence decreased gradient steepness in the cell culture chamber.
COMSOL simulation results confirmed this theory and showed

B
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Figure 3. Surface modifications to enable device fabrication and primary neuron cell culture. A. Water contact angles were measured after surface
silanization of PDMS and glass to present methacrylate moieties (*p<0.05). B. Matrigel adsorption after exposures of 3-hrs or 3-days on various silanized
glass surfaces. C. Primary cortical neuron adhesion and neurite extension were similar between control cultures (Matrigel-adsorbed coverglass) and
microfluidic devices (Matrigel-adsorbed, TMSPMA-functionalized glass). In contrast, without Matrigel coating, neurons on TMSPMA -functionalized
glass remained rounded and refractile under phase contrast microscopy and were unable to extend neurites.

that tapering the PEG-DA barriers around a center cell culture
chamber of fixed width would generate predictable concentration
gradients of different slopes within a single microfluidic device
(Figure 2A,B). Such a heterogeneous gradient field would allow
high-throughput screening of cell responses to a range of
concentration gradients simultaneously in a single test. The

70

tapered barriers can be generated with either an optical mask or
by direct pattern writing using multiple exposures. A variety of
other barrier shapes could also be employed to achieve complex
two-dimensional concentration profiles.

To verify the computational simulation, we fabricated

6 | Journal Name, [year], [vol], 00-00
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microfluidic devices with two barrier widths, 70 um and 400 um.
The total width of the PEG barrier and the center cell culture
chamber in these devices was fixed at 1600 um. Fluorescein was
used to visualize the gradient profile. Relative fluorescein
concentration is calculated as a percentage of local fluorescence
intensity relative to the fluorescence intensity in the source
channel. The experimentally measured gradient profiles
correlated well with the simulated concentration profiles, which
confirmed our mathematical modeling setup (Figure 2C,D).

o«

Primary neuron culture in the microfluidic device

The microfluidic devices were first tested for their capability to
support neuronal culture. Primary neuronal cultures are sensitive
to a variety of factors including shear stress, surface protein
coatings, humidity, and pH, as well as chemicals in their
surroundings "*”. The two PEG-DA hydrogel barriers physically
separate the cell culture chamber from the flow channels, thus
totally eliminating the presence of convective flow and shear
stress in the cell culture chamber. We then characterized various
surface modifications to enable sustained neuronal culture within
the device. TPM and TMSPMA were used to functionalize the
glass and PDMS surfaces with acrylate functional groups to
enable direct covalent bonding with PEG-DA. However, this
surface functionalization also alters the surface energy,
2s hydrophobicity, and protein adsorption, all of which impact
neuron adhesion.

a

<)
S

Both TPM and TMSPMA treatment altered the water contact
angles on PDMS and glass surfaces (Figure 3A). Untreated

30 PDMS is highly hydrophobic with a contact angle close to 90
degrees. While TPM-treatment did not alter the PDMS contact
angle, TMSPMA-treatment decreased the angle to about 40
degrees. On the other hand, clean glass has a relatively small
contact angle of less than 30 degrees, while treatment with either

s TPM or TPSPMA increased the angle to close to 40 degrees.
These results suggest that TMSPMA is more effective than TPM
for surface PEGylation of PDMS, while both worked well for
glass surfaces.

w
b

40 In vitro cultures of neurons on glass substrates typically require

____—— TForskolin

-—
50 pm

n=19 39 p=0.011

Figure 4. Forskolin-induced axon polarization within the chemotaxis
device. Immunostaining was performed in the microfluidic device to
visualize the neurons (neuronal MAP2 marker, green; nuclear DAPI stain,
45 blue) and their axons (monoclonal-pan-axonal neurofilament marker
SMI-312, red). A. A high seeding density (4 million cells/ml) resulted in
a dense neurite network that prevented the assignment of each neurite to
its originating soma. B. A low seeding density (0.4 million cells/ml)
allowed easy identification of the individual axon extended from each cell
so  body. C. Individual axonal tracks were plotted with all neuronal soma
positioned at the origin (0,0). Axons that oriented towards higher
concentrations of forskolin (39 of 58) are shown in red, while axons that
extended towards lower concentrations (19 total) are shown in black. D.
The final position of each axonal tip (i.e. growth cone) is shown in an
ss angular histogram. A Rayleigh test for asymmetry confirmed that the
distribution of growth cone positions was significantly skewed towards
higher forskolin concentrations (p = 0.011<0.05).

sufficient surface coating with poly(L-lysine) (PLL) or Matrigel

to enhance cell viability, cell adhesion, and neurite outgrowth
o " PLL adsorption to glass surfaces is mainly mediated through
electrostatic charge interactions between the positively charged
polymer and the negatively charged glass. Because the negative
surface charge on glass surfaces is lost after silanization, we
predicted this would result in poor PLL adsorption. Experimental
studies confirmed that both TPM- and TMSPMA-functionalized
glass adsorbed with PLL did not support neuron culture (data not
shown). Instead, we found that Matrigel was more effective as a
surface-coating protein for neuron culture than PLL within this
microfluidic device. In addition, longer coating times (3 days)
resulted in 30 to 60% more protein adsorption than 3-hr Matrigel
coating on both the TPM- and TMSPMA -functionalized surfaces
(Figure 3B). Primary neurons seeded onto the Matrigel-modified
microfluidic devices were found to adhere and extend neurites at
72 hr that were morphologically similar to control cultures on
Matrigel in standard tissue-culture Petri dishes. In contrast,
without Matrigel modification, neurons on TMSPMA-
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Figure 5. Quantification of axon lengths and cumulative turning angles. A. The length of each axon was quantified individually for all 58 neurons.
Despite the preferred orientation of the axons, there was no statistically significant difference (p=0.28) between the lengths of axons oriented towards
higher or lower forskolin concentrations. B. The cumulative turning angle (A8= 6,- 6,) for each individual axon was calculated as the difference between
s the starting growth angle (0,) and the final growth angle (8,). C. The distribution (individual points), average (horizontal bar) and standard deviation (error
bars) of cumulative turning angles for axons with starting growth angles (6,) greater than 90° (i.e. initiation towards higher forskolin concentrations) or
less than 90° (i.e. initiation towards lower concentrations) (*p=0.016).

functionalized glass remained rounded and refractile under phase
contrast microscopy and were unable to extend neurites (Figure
3C). Immunocytochemical labelling of fixed neuron cultures
further confirmed the neuronal phenotype and neurite extension
(Figure 4A). A low neuron cell seeding density of 0.4 million
cells/ml or ~ 30 cells/mm?, was chosen in this study to minimize
direct cell-cell contact, and thereby enable identification and
tracking of individual axons extended from each soma (i.e., cell
body, Figure 4B). In contrast, neurons grown at a higher density
(4 million cells/ml) formed a dense network of neurites (Figure
4A), thus preventing the assignment of each axon to its
originating soma. For neurons cultured inside the microfluidic
devices, axon outgrowth became significant on day 2 and usually
extended to a typical length of 10 cell bodies (or 100 um) on day
3. After 72-hr exposure to the forskolin gradient, neuron cells
were immunostained for axons. We then quantified the axon
growth and analyzed axon orientation by tracing the entire axon
for each individual cell. A total of 58 neurons were analyzed.
Each axonal track was overlaid onto a single plot with the soma
centered at the origin (Figure 4C). Our results revealed that
67.3% of axons oriented towards higher concentrations of
forskolin, while 32.7% were observed to extend along the
opposite direction (Figure 4C), suggesting that two times more
axons were attracted, rather than repelled, by the forskolin source.
As an alternative analysis, the final location of each axonal
growth cone (i.e. the tip of the extending axon) relative to the
soma was plotted as an angular histogram (Figure 4D). A
Rayleigh test for statistical significance confirmed the
asymmetric distribution of axonal growth cones (p=0.011)
towards higher forskolin concentrations.

Interestingly, despite their preferred orientation, the axons did not
display significantly different lengths when extended towards
higher or lower forskolin concentrations (Figure SA, p=0.28).
This suggests that axonal orientation preference was a result of

&

3

3

=)

growth cone turning within the forskolin gradient rather than
simply being caused by changes in axonal growth rate. To further
evaluate this notion, we quantified the cumulative turning angle
(A8 = 0, - 6,) for each individual axon (Figure 5B). An axon that
displayed guidance towards higher forskolin concentrations
would have a positive A6 value, while an axon that turned away
from the forskolin gradient would have a negative A0 value.
Axons with a starting growth angle (0,) greater than 90° (i.e.
those that initiated their growth against the gradient) had an
average cumulative turning angle of 12.0° (Figure 5C). This
indicates that axons initiated in the "wrong" direction (i.e. against
the gradient) had a propensity to "correct" their orientation during

ss the 72-hr experiment. In contrast, the average cumulative turning

angle was nearly 0 for axons that had starting growth angles (6,)
less than 90° (i.e. those that initiated their growth towards the
gradient). This indicates that axons initiated with the "correct”
orientation (i.e. with the gradient) were likely to persist along
their original direction. These two populations of neurons had
statistically  distinct (p=0.016) cumulative turning angle
distributions, suggesting two different types of axonal outgrowth
that nonetheless result in axons of similar lengths.

s Our axon polarization results are consistent with previous

observations that forskolin serves as an axonal chemoattractant.
Forskolin is known to activate adenylyl cyclase, thereby
increasing the levels of intracellular cyclic adenosine
monophosphate (cAMP) and activating cAMP-sensitive
pathways, such as protein kinase A (PKA) and exchange protein
activated by cAMP (Epac), to promote axon formation, growth
cone turning and axon path finding *®. Forskolin has also been
found to enhance neurite growth ' and neuronal survival >*. Many
of these studies are based on experimental observations upon

s local injection in animals, genetic mutations, in vitro formation of

transient gradients with micropipettes ' or patterned in vitro
substrates with stripes of biochemicals °. It has been particularly
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difficult to form a stable gradient of small molecules such as
forskolin due to their small molecular size, fast diffusion and thus
fast decay of the slope of the gradient in both the traditional
micropipette assays and many microfluidic assays. The PEG-DA
hydrogel-based device described here allowed us to generate a
stable forskolin gradient without exposing the neurons to shear
stress, which can cause cell damage and influence neurite
outgrowth. We are the first to directly quantify cortical neuron
response to a long-term (72-hr) stable gradient of forskolin to
demonstrate its axon guidance function. This device will enable
future mechanistic studies of the temporal requirements for
stimulation (e.g., duration of signal during exposure, persistence
of signal after exposure) as well as the competing action of
multiple, simultaneous chemical signals.

Concluding remarks

This study analyzed the long-term effects of a stable, soluble
forskolin gradient on mammalian cortical neurons. We directly
quantified the effect of a forskolin gradient on axon polarization,
length, and turning. Our studies supported previous work
suggesting that forskolin induces axonal polarization. They also
revealed that while forskolin affects turning angle it does not alter
neurite outgrowth in our experimental platform. These studies
were enabled by the development of a PEG-DA-based
microfluidic gradient-generator capable of generating long-term,
stable, linear gradients of small molecules.

Our optimized fabrication process for the PDMS/PEG-DA
devices includes PDMS molding, surface silanization, vacuum-
aided PEG-DA solution filling, UV photopatterning of PEG-DA
hydrogel barriers, and surface modification with Matrigel. The
vacuum-filling step aids in bubble-free filling despite the
presence of dead-end patterns in the device and overcomes the
oxygen inhibition of radical-induced polymerization, thereby
allowing formation of a stable PEG-DA/PDMS interface within a
permanently bonded PDMS device. This fabrication process is
flexible, as it allows generation of microfluidic devices with
tailored PEG-DA barriers of different properties (hydrogel mesh
size and diffusivity, width, shape, and location) for each
experiment without redesigning the PDMS mold. We identified a
combination of TMSPMA silanization and Matrigel surface
treatment that was effective at maintaining primary rat cortical
neuron cell cultures.

The excellent biocompatibility of the device and lack of
convective flow within the culture chamber enabled multi-day
culturing of primary rat cortical neurons. The slow growth and
sensitivity of mammalian cortical neurons to shear flow,
combined with the high diffusivity of forskolin, made the
development of this tool a necessary component to successfully
conduct these experiments.
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