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Abstract

Here, a 3D printed multiplexed competitive migration assay is reported for characterizing a
chemotactic response in the presence of multiple spatially distributed chemoattractants. The utility
of the assay is demonstrated by examining the chemotactic response of human glioblastoma cells
to spatially opposing chemotactic gradients of epidermal growth factor (EGF) and bradykinin
(BK). Competitive migration assays involving spatially opposing gradients of EGF and BK that
are optimized in the absence of the second chemoattractant show that 46% more glioblastoma cells
migrate toward EGF sources. The migration velocities of human glioblastoma cells toward EGF
and BK sources are reduced by 7.6 + 2.2% and 11.6 + 6.3% relative to those found in the absence
of the spatially opposing chemoattractant. This work provides new insight to the chemotactic
response associated with glioblastoma-vasculature interactions and a versatile, user-friendly
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platform for characterizing the chemotactic response of cells in the presence of multiple spatially
distributed chemoattractants.
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1. Introduction

Chemotaxis is the net movement of cells in response to an extracellular chemical gradient.
This driving force for cell transport is essential to many critical biological processes.[*:2] In
multi-cellular organisms, chemotaxis plays a central role in various physiological processes,
such as embryogenesis, angiogenesis, host immune responses, and brain development.
Additionally, chemotaxis is highly important in wound healing. Fibroblasts play a central
role in wound healing through the production of collagen and other extracellular matrix
proteins. This process requires the rapid movement of cells to the site of injury—making
fibroblasts highly motile and responsive to various chemoattractants. For example, fibroblast
growth factor (FGF) and the consequential activation of FGF receptors drive multiple
cellular processes of fibroblasts, including chemotaxis.[34]

In addition to driving regenerative processes, chemotaxis is a contributing factor to the
progression of many diseases. For example, the unregulated chemotaxis of immune cells
contributes to inflammatory conditions, such as asthma and arthritis.[2°] Chemotaxis has
also been implicated in cancer, specifically the migration of malignant cells within the
primary organ site, or hematologenously in the case of metastasis.[®] For example,
glioblastoma cells are drawn from the primary tumor to secondary structures in the brain via
chemotaxis, making them highly invasive Grade IV brain tumors.[] Glioblastomas are the
most common malignant primary brain tumors in humans. In the United States,
approximately 13 000 people are annually diagnosed with a glioblastoma, and unfortunately,
approximately 85% of these patients lose their lives within two years.[8] This limited
survival time can largely be associated with the extensive migration of tumor cells away
from the primary tumor site, where therapeutic interventions have limited efficacy.

Among the secondary structures involved in glioblastoma migration, the influence of
chemical signals from vascular structures is not yet fully understood. Several molecules that
originate from blood vessels or other vascular structures are known to induce glioblastoma
migration. One such molecule is bradykinin (BK), a peptide important in blood pressure
regulation and inflammatory reactions, which chemotactically stimulates the movement of
glioblastoma cells to the vascular network.[2:101 Another chemoattractant provided by the
vascular network that is believed to play an important role in glioblastoma migration is
epidermal growth factor (EGF).[11.12] EGF plays a significant role in glioblastoma biology,
largely due to disease-associated alterations in the EGF receptor (EGFR) via mutation or
amplification that lead to constitutive activation of EGFR.[13.14] EGF is present in blood
serum, is able to cross the blood-brain barrier, and has been associated with enhanced
glioblastoma proliferation, invasion, and chemotactic responses.[15:16]
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While various migration assays exist, they can be broadly classified as chamber- or
microfluidic-based assays. Chamber-based migration assays, such as the commonly utilized
Boyden chamber, involve the imaging of migrating cells from a cell-containing chamber
through a porous material into a chemoattractant-containing chamber.[17:18] Similar designs
include the Zigmond and Dunn chambers, which yield improved cell counting and imaging
resolution capabilities, but exhibit time-dependent gradients with relatively short transients
(i.e., time over which the gradient is present).[19-211 Additionally, while under-agarose
assays have been used to study the effect of opposing chemotactic gradients on neutrophil
migration,22] under-agarose and micropipette migration assays also exhibit time-dependent
gradients with relatively short transients.[17:23] Ultimately, while chamber-based methods are
user-friendly and pose limited technical challenges to use, they constrain the type and
duration of gradients that can be studied. Alternatively, while chamber-based assays
typically create time-dependent gradients, microfluidic-based assays offer the ability to
examine time-independent gradients (i.e., non-uniform steady-state concentration profiles),
which are sustained by convective flow of chemoattractant-containing aqueous solutions.
[17,19.23.24] For example, a 3D multilayered hydrogel-based microfluidic device was
designed to characterize chemotaxis in a biomimetic 3D environment.[25] In addition to
creating time-independent gradients, microfluidic-based migration assays offer the ability to
examine the effect of multiple spatially opposing gradients of chemoattractants on cell
migration response. For example, a microfluidic-based migration assay with multiple
chemoattractant sources was recently established for studying the migration of mesenchymal
stem cells toward cytokines present in arthritis.[26] Additionally, micro fluidic-based
migration assays have also been established based on actively controlled concentration
gradients.[27.28] For example, a microfluidic system was recently developed that enabled the
study of chemotactic response to single-pulse or periodic chemical gradient signals.[27]
While not yet leveraged for the study of cell migration, it should also be noted that 3D
printing has also been used to create drug release technology for active gradient control in
bioprinted tissue constructs based on stimuli-responsive materials,[2%] suggesting that active
concentration control is not limited to microfluidic systems and 2D migration processes.
However, while these devices can generate steady, non-uniform concentration profiles (i.e.,
gradients) over long time periods, technical barriers posed by the use of traditional
microfabrication processes, microscale fluid handling, and actuator integration impede
widespread implementation outside of engineering groups.[39 Thus, a migration assay that
combines the advantages of chamber- and micro fluidic-based designs (i.e., user-
friendliness, robustness, and gradient design flexibility) could provide a novel high-
throughput approach for studying the effect of competing chemotactic signals on cell
migration, such as spatially opposing gradients of multiple chemoattractants (i.e., multiple
chemoattractants with spatially distributed sources).

Additive manufacturing, commonly referred to as 3D printing, has recently emerged as a
promising biofabrication approach for creating artificial axons,[31! neural and glial tissues,
[32] brain tumor models,[32] conduits for nerve regeneration,[33-31 cuffs for neural
modulation and neural interface,[36] and neural systems-on-a-chip.[371 3D printing now also
offers a complementary manufacturing process to soft lithography for fabricating
microfluidic devices. For example, 3D printing has been used to fabricate 3D microfluidics,
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[38] microfluidic-based microelectromechanical systems (MEMS),[3% organ-conforming
microfluidics,40] and tissue chip systems.[41] Microextrusion 3D printing recently enabled a
breakthrough in the fabrication of chamber-based neural systems on a chip that contained
3D printed microchannels for studying the role of Schwann cells on uptake of pseudorabies
virus in the nervous system.[41] In addition to neural engineering and microfluidics, 3D
printing has been used to construct spatially distributed controlled-release systems that
contain chemoattractants as well as other biologics (e.g., enzymes) and molecular species
(e.g., drugs).[34:4243] The use of microextrusion 3D printing to construct nerve guidance
conduits for the regeneration of bifurcating mixed nerve injuries that contained path-specific
chemoattractants of nerve growth factor (NGF) and glial-derived neurotrophic factor
(GDNF) provides a recent example.[34] Therefore, 3D printing could facilitate the
fabrication of user-friendly migration assays for studying competing chemoattractants with
spatially distributed sources.

Here, we leverage 3D printing to construct a user-friendly, multiplexed migration assay for
studying the effect of spatially opposing chemotactic gradients on glioblastoma migration to
provide new insights into the chemical signaling underlying glioblastoma migration toward
vasculature. The platform was first validated using single-source migration assays with a
well-documented fibroblast-FGF (cell-chemoattractant) system. 3D finite element analysis
(FEA) simulations of chemoattractant mass transport were performed to characterize the
spatiotemporal concentration profile throughout the two-day assay under varied source
loading conditions and chemoattractant transport properties. Multiplexed migration assays
with on-chip controls were leveraged to better understand the roles of EGF and BK in
migration of glioblastoma toward vasculature. We found that spatially opposing gradients of
BK have a significant effect on the migration velocity and trajectory of human glioblastoma
cells toward EGF-containing sources, which differed from that observed in the presence of
uniform BK distributions. This work provides new insight into the chemical signaling that
attracts glioblastoma to vasculature and the migration response of glial cells in the presence
of spatially distributed chemoattractants. These insights are useful for a variety of healthcare
applications, including cancer treatment and regenerative medicine.

2. Results

2.1

Fabrication and Characterization of the 3D Printed Migration Assays for Spatially

Distributed Sources of Multiple Chemoattractants

As shown in Figure 1a, microextrusion 3D printing enables the fabrication of a migration
assay platform for analysis of competing chemotactic signals that consists of chambers for
cell seeding and chemoattractant loading separated by microchannels in which cell

migration and chemoattractant transport occur. Following the addition of cell culture
medium to the device, chemoattractant diffusion establishes a gradient in the microchannel
via passive release from a crosslinked hydrogel, which served as the chemoattractant source
(see Figure 1b). This fabrication approach and design facilitates rapid prototyping (i.e., study
of alternative signaling networks) and multiplexing within a single petri dish. The schematic
associated with a design for spatially opposing chemoattractants is shown in Figure 1c.
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As shown in Figure 1d, the cell-seeding chamber was 6 mm in diameter, which enabled the
manual deposition of a 10 puL droplet of cell suspension in the center of the chamber that
remained free of contact with the walls. Micrographs showing cell seeding and initial
movement are provided in Figure S1, Supporting Information. The cell-seeding chamber
was connected to the chemoattractant-loading chamber by a 1 mm wide and 5 mm long
microchannel. The chamber’s dimensions were chosen to synergize with the length scales
associated with the anatomy of neural tissues in small animals and humans (e.qg., peripheral
nerves). Thus, the millimeter-scale dimensions were selected to demonstrate that the assay
could be broadly applied to fundamental and translational research, such as that involving
3D bioprinted tissues. The diameter of the chemoattractant-loading chamber was 2 mm,
which facilitated manual deposition of the chemoattractant-containing hydrogel solution and
prevented the hydrogel solution from flowing into the microchannel prior to crosslinking.
The chamber and microchannel walls were 2 mm high to provide a sufficient volume of cell
culture medium to support cell migration throughout the two-day assay. Based on the
resolution of microextrusion 3D printing processes, this 3D printing approach could also
enable the fabrication of microscale chamber-based migration assays, which could
potentially create larger driving forces (i.e., larger gradients) for eliciting chemotactic
response. Micrographs of the cell-seeding chamber, microchannel, and chemoattractant-
loading chamber are shown in Figure 1e-h. A micrograph showing a side-profile of the
device wall has been provided in Figure S2, Supporting Information to highlight the height
uniformity of the device. The micrographs show that the microextrusion 3D printing process
produced watertight walls that enabled medium isolation within the structure (see Figure S3,
Supporting Information). The artifact in the chemoattractant-loading chamber wall thickness
observed in Figure 1h was consistent across all devices and resulted from lifting of the
extrusion nozzle at the end of the printing process. However, this printing artifact did not
affect the watertight seal. As shown in Figure 1i, the approach enabled multiplexing in single
petri dishes for integration of on-chip negative controls as well as improving the assay
throughput via simultaneous testing of multiple chemoattractant loading concentrations (we
remind the reader that 3D printing is a rapid prototyping process[#4l). As shown in Figure 1i,
we found that up to three devices could be integrated into a 35 mm dish using the single-
source design.

2.2. Characterization of Chemoattractant Spatiotemporal Concentration Profiles during
Migration via Finite Element Analysis

Having designed a user-friendly, multiplexed migration assay that accommodates repeatable
manual cell seeding and chemoattractant loading, we next carried out finite element
simulations of the chemoattractant release and transport processes to obtain the
spatiotemporal concentration profiles associated with a given chemoattractant loading
condition (i.e., initial concentration of chemoattractant in the hydrogel). It was of interest to
calculate both the concentration and gradient of the concentration profile at the location of
migrating cell front, as these values are fundamental parameters associated with
chemotactic-driven migration flux.[43] Figure 2a shows 3D and top-down schematics of a
single-source migration assay. Figure 2b schematically represents the temporal evolution of
the chemoattractant concentration profile in the microchannel. As shown in Figure 2c,d,
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passive release of chemoattractant from the hydrogel source established a gradient across the
microchannel.

Surface plots of the chemoattractant concentration in the device over time are shown in
Figure 2c (chemoattractant loading of 50 ng mL~1). Under these conditions, the FGF
concentration in the source decreased from 43 to 28 ng mL™1 from 4 to 48 h. As shown in
Figure 2d, as the concentration in the chemoattractant source decreased, the concentration at
the migrating cell front increased. However, it is important to note that this did not occur
immediately upon addition of cell culture medium to the device, but required temporal
evolution of the gradient. We found that the temporal evolution of the concentration profile
in the microchannel was dependent on the chemoattractant loading concentration. As shown
in Figure S4, Supporting Information, the chemoattractant penetration time, defined here as
the time at which the concentration of the chemoattractant at the entrance of the cell-seeding
chamber exceeded 1 pM, ranged from 7 to 4 h for FGF loading concentrations that ranged
from 5 to 100 ng mL~1, respectively. This suggests that modeling of the chemoattractant
spatiotemporal concentration profile, such as the magnitude of the gradient at the migrating
cell front and chemoattractant penetration time, are needed to correctly compare results from
single-source migration studies with different chemoattractants as well as interpret migration
responses involving multiple chemoattractants (e.g., spatially opposing chemoattractants).

We next examined the dependence of the gradient characteristics (e.g., penetration time,
concentration at the migrating cell front, and concentration gradient at the migrating cell
front) on the chemoattractant transport properties. As shown in Figure 2, we found that the
temporal evolution of the concentration profile was also dependent on the transport
properties of the chemoattractant. This is an important consideration in this study, given
EGF and BK differ in size, as EGF is a globular protein and BK is a peptide (6.2 versus 1.1
kDa, respectively). Thus, they exhibit different diffusivities in hydrogel and cell culture
medium (see the Experimental Section). We found that the penetration times for EGF and
BK ranged from 2.8 to 2.5 h over a loading range of 25-100 ng EGF mL~1 and 0.5-0.2 h
over a loading range of 50-400 um BK, respectively. The model was validated
experimentally using fluorescently-labeled dextran with similar diffusivity to BK.[46] The
experimentally measured penetration time compared within 10% of the penetration time
associated with BK (0.22 versus 0.2 h, respectively). The 10% variation is attributed to
potential differences between the experimental diffusivity and the reported value and 2D
effects that may be present in the well plate-based measurement format used for
experimental validation. The penetration time for FGF, EGF, and BK at all tested loading
conditions is shown in Figure S4, Supporting Information. We found that the hydrogel
density had a relatively small effect on chemoattractant release based on a 1.8% change in
penetration time observed between 2 and 4 wt% alginate (see Figure S5, Supporting
Information).

2.3. Effect of EGF and BK Loading Concentration on Glioblastoma Migration Response in
the Absence of Competing Chemoattractants

Prior to studying glioblastoma migration toward spatially distributed EGF and BK sources,
we first validated the migration assay using a well-established fibroblast-FGF (cell-
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chemoattractant) system, an important aspect of wound healing processes as shown in
Figure 3a. Migration studies repeated at various FGF source loading concentrations ranging
from 0 to 100 ng mL~1 showed three important features (see Figure 3b): 1) the onset of
chemotactic response; 2) a maximum in chemotactic response; and 3) a saturation effect. As
shown in Figure 3b, the minimum FGF loading concentration for which a chemotactic
response occurred was 15 ng mL~1. The FGF loading concentration that resulted in a
maximum fibroblast migration velocity was 50 ng mL™1 (see Video S1, Supporting
Information), at which the velocity was increased by a factor of 1.51 + 0.40 relative to the
negative control in which the chemoattractant was absent. A saturation effect was observed
above 50 ng mL™1, at which the migration velocity was increased relative to the negative
control by 1.33 + 0.37. FEA simulations enabled calculation of the temporal FGF
concentration profile at the location of the migrating cell front, here taken as the entrance of
the cell-seeding chamber, for the range of FGF loading concentrations examined (see Figure
3c). These results compared well with previously reported values,[47] as discussed further in
the Discussion Section, suggesting that this platform could provide meaningful data
regarding chemotactic response of other cell-chemoattractant systems, such as the chemical
signals that drive glioblastoma migration toward vasculature.

Having validated the migration assay using the well-established fibroblast-FGF system, we
next examined the glioblastoma-EGF and -BK systems using a single-source assay
configuration, as such serve as control studies for the subsequent experiments involving
competing EGF and BK gradients generated by spatially opposing sources (see Figure 4a).
As shown in Figure 4b—e, similar features in the migration response were observed over the
range of tested chemoattractant loading concentrations for both the glioblastoma-EGF and -
BK systems. EGF loading concentrations of 25, 50, 75, and 100 ng mL~1 were investigated.
The concentration at the onset of chemotactic response and the concentration that produced
the maximum migration velocity were 50 and 75 ng mL~1, respectively. As shown in Figure
4b, the migration velocity at an EGF loading concentration of 75 ng mL~1 was increased by
a factor of 1.44 + 0.26 relative to the velocity obtained in the control studies in which the
chemoattractant was absent (see Video S2, Supporting Information). The migration velocity
was relatively decreased above this optimal concentration (i.e., at 100 ng mL™1). The
corresponding EGF temporal concentration profile at the entrance to the cell-seeding
chamber as obtained via FEA simulations is shown in Figure 4c. BK loading concentrations
of 50, 100, 200, and 400 pm were investigated (see Figure 4d). The concentration at the
onset of chemotactic response and the concentration that produced the maximum migration
velocity were 50 and 100 pm, respectively. As shown in Figure 4d, the migration velocity at
a BK loading concentration of 100 um was increased by a factor of 1.30 + 0.43 relative to the
negative control (see Video S3, Supporting Information). The migration velocity was
relatively decreased above this optimal concentration (i.e., at 200 and 400 pm). The FEA
data shown in Figure 4e associated with the temporal concentration profile of BK at the
entrance to the cell-seeding chamber was validated experimentally using a 10 kDa FITC-
dextran at 100 pm. As shown in Figure S6, Supporting Information, the FEA data agreed
reasonably with the experimental results regarding the release time delay and duration of the
transient period. As shown in Figure S7, Supporting Information, image processing also
facilitated the analysis of the trajectory (i.e., direction) associated with the migrating
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glioblastoma cells. For example, 26% of imaged cells migrated toward the EGF source,
defined as the octant at 0° (i.e., consisting of a + 22.5° region found in a rose plot’s first and
fourth quadrants). We note that analysis of migration trajectory becomes a critical aspect of
understanding the migration response of glioblastoma cells toward spatially opposing EGF
and BK gradients, and is discussed further in the following section.

2.4. Effect of Spatially Opposing BK Gradients on Chemotactic Response toward EGF

Sources

The chemotactic response of glioblastoma cells toward EGF and BK sources in the absence
of the other chemoattractant identified the loading concentrations that produced the highest
migration velocities (75 ng mL~1 EGF and 100 um BK, respectively; see Figure 4). We next
examined the effect of spatially opposing EGF and BK gradients on the migration response
of glioblastoma cells using a multi-source assay configuration (see Figure 5a). The loading
concentrations that produced the maximum relative migration velocity in the single-source
experiments, also referred to as the “optimal” loading levels, were selected as the basis
concentration for the competitive migration assay with spatially distributed sources (i.e.,
Qoading = 75 Ng mL~1 and 100 pm for the EGF and BK sources, respectively).

Given the migration rate toward a chemoattractant source depends on both the concentration
of the chemoattractant and gradient of the chemoattractant’s concentration profile,[4! it was
of interest to examine their temporal response at the location of the migrating cells (the
entrance to the cell-seeding chamber). The migration trajectory is shown in Figure 5b in
terms of a rose plot. As shown in Figure 5c, while the concentration at the entrance of the
cell seeding area increased throughout the entire experiment, the concentration gradient
reached a maximum during the 4-8 h interval, suggesting that the cells would experience a
relatively strong driving force associated with cell migration during this period. Cells found
in the region of 0 + 22.5° were classified as migrating toward the EGF source, while those in
the region of 180 + 22.5° were classified as migrating toward the BK source (see Figure 5b).
As shown in Figure 5d, 46% more cells migrated toward the EGF source than the BK source
based on the ratio of cells migrating toward each source (20.7 £ 3.2% versus 14.2 + 2.9%,
respectively; n = 3 repeated experiments). As shown in Figure 5e, the relative migration
velocity toward the EGF source was also higher than toward the spatially opposing BK
source, which was consistent with the single-source studies shown in Figure 4. However, the
relative migration velocity toward both sources was decreased compared to the measured
value in the absence of the other chemoattractant (see Figure 5f). We note that while the
presence of a spatially opposing BK gradient decreased the migration velocity toward the
EGF source relative to that observed in the absence of BK, the observed effect differed from
that caused by uniformly distributed BK (i.e., BK that was added to the cell culture
medium). For example, we found that studies involving an EGF gradient established by a
source loading concentration of 75 ng mL™1 that contained 700 nm BK in the cell culture
medium decreased the migration velocity toward the EGF source to a greater extent than the
spatially opposing BK gradient (see Figure S8, Supporting Information). We note that the
bulk BK concentration of 700 nm was selected because it was the associated concentration at
the migrating cell front at £= 48 h caused by the optimal BK gradient loading conditions.
The cells migrated toward the EGF source at a relative velocity of 1.10 + 0.29 in the
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presence of bulk BK, which was lower than the migration velocity toward the EGF source
both in the absence of BK and in the presence of a spatially opposing gradient of BK (see
Figure S8, Supporting Information).

3. Discussion

Various assay formats exist for studying chemotaxis of adherent mammalian cells, such as
glial cells, which can be classified in terms of biomimicry, type of gradient (e.g., time-
dependent or -independent), and technical complexity. Chamber-based assays, such as
Boyden, Zigmond, and Dunn chambers are user-friendly and compatible with manual
pipetting techniques. However, they typically only allow for single-source experiments with
short gradient timescales. Alternatively, microfluidic-based assays can establish time-
independent gradients and be used for competitive migration assays, but they require
relatively increased manual fabrication and assembly steps, technical complexity associated
with their use, and cost because of the use of relatively larger fluid volumes (e.g., of
chemoattractant-containing solutions). Thus, while it is the opinion of the authors that
chamber- and microfluidic-based migration assays offer unique advantages, a comparison of
results obtained from each platform should consider the spatiotemporal concentration profile
and the substrate on which migration is occurring.

The 3D printed migration assay examined here incorporates advantages from each design to
facilitate the study of multiple chemoattractants with spatially distributed sources that
exhibit gradients that can persist longer than 24 h. This device also allows for in situ
spatiotemporal cell tracking to provide trajectory information beyond that of traditional
chamber-based devices, which typically rely on cell-counting to quantify the chemotactic
response. Additionally, the device was designed for compatibility with manual plating
techniques to facilitate user-friendliness and high-throughput studies, a challenge that was
recently identified in the migration assay literature.[48] The use of a biofabrication approach
here, 3D printing, as opposed to traditional microfabrication processes has further
implications in on-chip multiplexing, which can offer improved throughput and
measurement confidence, rapid prototyping, and interface with bioprinted tissues, an
additional challenge that has been identified in the 3D bioprinting literature.[4%] As shown in
Figure S9, Supporting Information, we demonstrate that it is possible to easily alter the
spatial distribution of the chemoattractant release sources and increase the number of
potential competitive chemoattractants. We also show that this approach could potentially be
used to study chemotaxis in bioprinted tissue constructs using a one-pot fabrication
approach.

The features of the chemotactic response over the range of loading concentrations examined,
specifically, the onset, maximum, and saturation of chemotactic response, are consistent
with those observed in previous studies using other migration assays.[>0>1 The results
shown in Figures 3 and 4 associated with the FEA simulations of chemoattractant release
and transport provide insight into the effect of assay parameters, such as the loading
concentration and chemoattractant transport properties, on resultant gradient characteristics
(e.g., the concentration or the magnitude of the concentration gradient at the migrating cell
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front as well as the time for the chemoattractant to reach the migrating cell front, referred to
here as the chemoattractant penetration time).

The results obtained using the fibroblast-FGF cell-chemoattractant system agreed reasonably
with the results of previous in vivo studies. For example, the highest migration velocity of
fibroblasts occurred using an FGF loading concentration of 50 ng mL~1, which
corresponded to a concentration of 120 pM FGF at the migrating cell front at 7= 48 h based
on our FEA simulations. This value is within the FGF concentration range found in fluid
around actively healing wounds (80-130 pM FGF).[47]

The glioblastoma cells exhibited the highest migration velocity to BK loading
concentrations that were higher than physiological levels. For example, we found that the
BK loading concentration that caused the largest migration velocity was 100 pm, which
corresponded to a concentration of 700 nm BK at the migrating cell front at £= 48 h.
However, the physiological levels of BK in plasma range from 2 to 4 pM.[52] The EGF
loading concentration that caused the highest migration velocity was 75 ng mL~1, which
corresponded to a concentration at the migrating cell front of 500 pM at #= 48 h. This value
is slightly higher than the physiological plasma levels of EGF, which range from 94 to 122
pM.I13] However, as shown in Figure 4b, we also observed chemotactic response of
glioblastoma cells to EGF loading concentrations of 50 ng mL~1, which corresponded to
concentrations of EGF at the migrating cell front that were within the physiological plasma
EGF levels (see Figure 4c).

Given the experimentally measured migration velocity could be affected by cell
proliferation, it was of interest to consider the doubling times of the cells used in comparison
to the time over which the cell migration was monitored. For example, previous studies have
imposed cell selection criteria for purposes of measuring cell migration velocity in cases
when a substantial fraction of cells were either proliferating or blebbing during the cell-
tracking interval (e.g., ~20% of total cells).[53] While the doubling time of the cells used in
this study were comparable to the duration of the cell-tracking interval (for example, the
doubling time of 3T3 cells has been reported near 24 h,[>4 and the doubling time for the
D54 glioma cell line has been reported as 46 h in serum-free medium)[®°! proliferation
artifacts were not observed in this study, which is attributed to the use of a low-nutrient
migration buffer. Thus, no cell selection criteria were imposed in this study.

These experimental results and the information regarding physiological levels of EGF
suggest the chemotactic response that occurs in vivo under physiological conditions is below
the saturation limit of the glioblastoma-EGF and -BK chemotactic response. The y
parameter is a fundamental parameter relating chemotactic flux to the characteristics of the
chemoattractant’s concentration profile.[43] Using the normalized migration velocity data
from the migration assays and the concentration gradient obtained from the FEA simulations
shown in Figure 4b,c, respectively, an effective y parameter of y, =5.2 um? nmol~! was
obtained for the glioblastoma-EGF system (supporting analysis provided in Figure S10,
Supporting Information). While y, was estimated here assuming that the concentration and
gradient were constant throughout the migration interval for the sake of demonstrating the
value of integrating the results of finite element simulations and experimentation (i.e.,
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measured migration velocities), this approach could potentially enable calculation of a time-
dependent y parameter. However, such a calculation would require use of an instantaneous
migration velocity as opposed to a time-averaged migration velocity that was used for
calculation of y, and is beyond the scope of this study. Overall, these experimental and
computational results obtained from the single-source chemotactic assays provide useful
data for understanding the chemotactic responses of glial cells[4°] and creating devices for
chemotactically-driven tumor cell isolation.[56]

The results from the competitive migration assays with spatially opposing EGF and BK
gradients provide new insight into the chemical signaling that drives glioblastoma toward
vasculature. While EGF appeared to elicit a “stronger” chemotactic response based on
migration velocity, 14% of cells still migrated toward the BK source, which differed from
the value observed in control studies (10%; p < 0.01). This result demonstrates the
challenges associated with preferentially guiding cells in vivo using a chemotactic signal—
that is, random migration and chemotaxis toward other chemoattractant sources. Thus, these
results are potentially useful for understanding a variety of higher-order physiological and
pathophysiological processes as well as tissue engineering applications associated with
chemotaxis. For example, tissue scaffolds often contain gradients of multiple
chemoattractants to facilitate the regeneration of complex tissues.[34:57:58] Understanding
and designing spatiotemporal concentration profiles of chemoattractants, such as growth
factors, has been identified as a major challenge for tissue engineering and regenerative
medicine.l49] For example, it has been suggested that mass transport processes in bioprinted
tissue constructs must be studied to create optimally engineered tissue systems that mimic
native tissue, facilitate cellular ingrowth, and control complex heterogeneous tissues.[4°]

4. Conclusions

We report on new insights to the chemotactic response of glioblastoma cells toward
vasculature. Specifically, a user-friendly, multiplexed migration assay enabled a study of the
effect of spatially opposing gradients of the peptide BK on the migration response of
glioblastoma cells toward EGF sources. Competitive migration assays involving spatially
opposing gradients of EGF and BK at their respective optimal levels determined from
single-source and -chemoattractant assays showed that glioblastoma cells exhibited a
relatively increased migration velocity and extent of migration toward EGF sources.
However, a substantial fraction of cells migrated toward the BK source, which was the
relatively “weaker” chemoattractant. The migration velocities toward spatially distributed
sources in the presence of spatially opposing EGF and BK gradients were reduced relative to
those found in the absence of the competing chemoattractant. This work provides new
insight to the chemical signaling that attracts glioblastoma to vasculature and valuable
information for improving the efficacy of 3D printed scaffolds that contain multiple spatially
distributed chemoattractants.
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5. Experimental Section

Materials:

3D Printing:

Silicone (SI 595 CL) was purchased from Ellsworth Adhesives. Alginic acid sodium salt
from brown algae, calcium carbonate, hexadimethrine bromide, bradykinin acetate salt (BK;
MW = 1.1 kDa), flourescein isothiocyanate (FITC)-labeled dextran (MW = 10 kDa), and
glucono-é&-lactone (GDL) were purchased from Sigma-Aldrich. Dulbecco’s modified
Eagle’s medium/F12 (DMEM/F12), bovine serum albumin (BSA), penicillin-streptomycin
(10 000 U mL™1), recombinant human basic fibroblast growth factor (FGF; AA 1-15; MW =
17.2 kDa), recombinant human epidermal growth factor (EGF; MW = 6.2 kDa), and
antibiotic-antimycotic (Anti-Anti, 100X) were purchased from Thermo-Fisher. Fetal bovine
serum (FBS) was from Aleken Biologicals.

A custom microextrusion 3D printer comprised of a desktop computer, a gantry robot
(F5200N.1, Fisnar), and a digital dispenser (Nordson EFD, Ultimus V) was used for
fabrication of the migration assays. Silicone was loaded into a 5 cc syringe with a 27 ga
tapered nozzle. A print speed of 2 mm s~ was implemented with a dispensing pressure of
18 psi. Three migration chambers were printed per cell culture imaging dish (35 mm; p-dish
glass bottom; Ibidi) using a single g-code program via vendor provided software (RoboEdit,
Fisnar). A 2D DXF file stacked in the zdirection with a 300 um step for a final height of 2.0
mm was imported for the path data. Following 3D printing, the devices were cured at room
temperature prior to use.

Finite Element Simulations:

A commercially available FEA software (COMSOL Multiphysics, version 5.3a) was used to
model the mass transport of the chemoattractants in the device. A transient, 3D simulation
using the transport of diluted species physics module was executed over a 3D domain
comprised of hydrogel and water subdomains, which solved the following set of equations:

Ji= —-D;iVg¢ @
%y =0 2
W-l' cJp = 2

where ¢;is the concentration of /7 chemoattractant, ¢is time, J;is diffusive flux, and D;is the
diffusion coefficient, subject to a set of boundary and initial conditions specified by the
assay design (e.g., the chemoattractant loading concentration). As shown in Equation (1), the
model was solved assuming Fickian diffusion of the chemoattractant in both sub-domains
and neglecting hydrogel swelling effects. Diffusion coefficients of peptides with similar MW
to BK were implemented in the model. The following diffusion coefficients were used in the
hydrogel domain: Drgriger = 3.5 x 1077 cm? 5711591 Degryger = 5.2 x 1077 ecm? 571,601 and
Dgak/cel = 2.2 x 1078 cm? s71.I61] |n the water domain the diffusion coefficients were:
Drgrwater = 1 % 1078 cm? 5711621 Degepparer = 1.6 x 1076 em? 571,169 and Dy pwyater = 3.5
x 1076 cm?2 s71.163] The initial concentration of the hydrogel domain were defined by the
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experimental values (5, 10, 25, 50, and 100 ng mL~1 FGF; 25, 50, and 100 ng mL~! EGF;
and 50, 100, 200, and 400 um BK). The initial concentration in the water domain was zero.
The concentration was calculated in terms of molarity using the following vendor-provided
molecular weights. A flux continuity condition was implemented between the hydrogel and
water domain, and a no flux condition was applied on all other boundaries. The model was
discretized using a fine physics-controlled mesh resulting in 2081 elements and solved with
a 0.1 h time step for 48 h. The output of the simulation was the 3D spatiotemporal
concentration profile of the chemoattractant in the device (i.e., each computational domain).

Experimental Measurement of Passive Drug Release from a Hydrogel Source:

Cell Culture:

The method for measuring passive temporal drug release from the hydrogel system was
adapted from our previous report.[341 Alginate solutions were prepared at 1.5% w/v in a 100
um FITC-dextran solution. A droplet (5 puL) was then deposited at the edge of a well in a 96-
well plate and allowed to cure. 100 pL of DI water was then added to the well. The
fluorescence signal of the well was subsequently recorded every 15 min using a fluorescence
well-plate reader (Biotek Synergy H1, 488 nm excitation 525 nm emission). The
measurement was repeated in triplicate. Concentration was interpreted as the normalized
fluoresence intensity defined as the change in fluoresence divided by the total change in
fluoresence.

Human glioblastoma cells (D54-MG, WHO Grade 1V; Dr. D. Bigner, Duke University,
Durham, NC), which had previously been made into a stably expressing eGFP cell line,[64]
were maintained in DMEM/F12 supplemented with 7% FBS in a 37 °C 10%-CO, incubator.
Mouse embryonic fibroblasts (NIH/3T3, ATCC) were obtained and a stable eGFP
expressing cell line was generated as follows. Lentivirus particles (CSCGW2-eGFP-IG,
MGH Vector Core) were applied at a multiplicity of infection (MOI) of 20.0 with 8 pg pL~1
hexadimethrine bromide to 3T3 cells for 24 h. Approximately 72-96 h after viral
transduction, the cells were sorted into eGFP positive and negative populations using
fluorescence-activated cell sorting (FACS, Sony SH800). The resulting 3T3-eGFP cells were
maintained in DMEM/F12 supplemented with 100 U mL1 penicillin-100 pg mL™1
streptomycin and 10% FBS in a 37°C 5%-CO5 incubator.

Hydrogel Preparation:

Sterile alginate hydrogel solutions were prepared immediately prior to use. GDL (0.2% w/v)
was added to 5 mL of 1.5% w/v alginate solution and vortexed for 30 s. Calcium carbonate
(0.3% wi/v) was then added and vortexed for 1 min to homogenize the mixture. This resulted
in a hydrogel solution that cured in approximately 2 h.

Migration Assay:

Following 3D printing, the devices were sterilized with 70% ethanol, triple-rinsed with
sterile DPBS, and allowed to dry in a biosafety cabinet with 30 min of UV exposure. 3T3-
eGFP cells were plated by depositing 10 pL of cell suspension that contained 500 cells uL=1
at the center of the cell seeding chamber. D54-eGFP cells were plated by depositing 10 uL
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of cell suspension that contained 1000 cells uL=! (single-chemoattractant experiments) or
500 cells uL=1 (competitive-chemoattractant experiments) at the center of the cell-seeding
chamber. To maintain a constant contact area between the droplet and the petri dish, the 10
UL droplet of cell suspension was supplemented with 1 uL of culture medium approximately
every hour until the start of the time-lapse migration experiment. Two hours after cells were
plated in the migration chamber, the hydrogel solution was prepared and the chemoattractant
was added at the specified concentration (FGF for 3T3 cells; EGF and BK for D54eGFP
cells). The resulting solutions were then pipetted into the migration chamber and allowed to
crosslink for approximately 2 h. At 4 h following cell plating in the cell-seeding chamber,
the initial plating medium was removed by the addition of a second droplet of cell culture
medium (30 pL) to the initial droplet, followed by aspiration of all the medium.
Subsequently, a low-nutrient migration buffer (DMEM/F12 + 0.025-0.1% BSA + 1X Anti-
Anti) was added to fill the entire device (70 L total volume). The migration chamber dish
was then placed in a closed-system imaging chamber (Micro-Incubator Platform, Warner,
DH-40iL) within an environmental incubator (Weather Station) on an inverted Olympus
IX81 microscope outfitted with a Hamamatsu ORCA-ER digital camera, which afforded
localized control of atmospheric CO, concentrations (5%-CO, 3T3, 10%-CO, D54; Okolab
DCTCO02BX) and thermal regulation (Weather Station). Multipoint time-lapse images were
acquired every 20 min for 48 h with differential interference contrast (DIC) and fluorescent
imaging using Slidebook 6 software and an encoded Prior Stage. In the non-competitive
migration assays, the image data associated with the cell-tracking analysis were acquired at
the entrance of the cell-seeding chamber for each time point. In the competitive migration
assays, the image data associated with the cell-tracking analyses were acquired at three
locations for each time-point (the center of the cell-seeding chamber and both entrances of
the cell-seeding chamber). These areas were selected to mitigate any potential bias in the
migration analyses that could be caused by an imbalance in the imaging locations. In all
cases, the imaging field was fixed.

Data Analysis:

Time-lapse data were analyzed using the NIS-Elements 2D Tracking Module (v5.0) in
combination with the Spot Detection and Binary applications, which provided a migration
velocity for each cell. The relative migration velocity was then obtained as the ratio of the
migration velocity in the presence of the chemoattractant to that observed in negative control
studies in which the chemoattractant was absent that were conducted in the same petri dish
(i.e., with a multiplexed configuration). Only cells that were present throughout the entire
time-lapse period (48 h) were analyzed and no additional cells were excluded. In fibroblast
and glioma tracking studies, the number of tracked cells ranged from 14-73 to 54-124,
respectively.

Statistical Analysis:

Experiments were performed in triplicate. Statistical analysis was performed using
OriginPro (version 8.0). Error bars and + symbol indicate standard deviation. A Student’s #
test was used to determine significance among the relative migration velocity datasets. A
two-proportion z-test was used to determine significance in the chemoattractant trajectory
data acquired from the competitive experiments. Statistical calculations were executed with
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95% confidence intervals and two tailed distributions. Error bars indicated standard
deviation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
3D printed migration assays for high-throughput study of spatially distributed chemotactic

signals (e.g., spatially opposing sources). a) Schematic of fabrication via 3D printing into 35
mm petri dishes. b) Schematic of cell seeding and chemoattractant loading steps via manual
pipetting. ¢) Schematic of a migration assay design with multiple spatially distributed
sources for studying the effect of spatially opposing chemotactic signals on glioblastoma
migration. d) Dimensions of the device highlighting the cell-seeding chamber (radius = 3
mm), microchannel (5-mm long), and chemoattractant-loading chamber (radius = 1 mm). €)
Photograph of a device printed in a 35 mm petri dish. Micrographs of the cell-seeding
chamber (f), microchannel (g), and chemoattractant-loading chamber (h). i) Photograph
demonstrating the potential for multiplexing, showing the integration of three devices in a 35
mm dish (all single-source designs).
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Figure 2.

Sensitivity analysis of chemoattractant gradient characteristics using FEA simulations,
including the magnitude of the concentration gradient at the migrating cell front and the
chemoattractant penetration time. a) 3D and top-down schematics showing the simulation
domain, including the cell-seeding chamber, microchannel, and chemoattractant-loading
chamber (8 mm dashed line indicates line plot location corresponding to data in panel (d). b)
Schematic showing the temporal evolution of the concentration profile. ¢) Surface plots of
FEA simulations using a basis of 50 ng mL™ fibroblast growth factor (FGF) loaded in a
1.5% wiv alginate hydrogel at =4, 8, 24, and 48 h (Gpax = 1.3 Um (4 h), 1.1 um (8 h), 740
nM (24 h), and 540 nm (48 h)). d) Line plots corresponding to panels a and ¢ showing the
concentration profiles in the device at 4, 8, 24, and 48 h. The center of the cell-seeding
chamber and the entrance to the chemoattractant-loading chamber correspond to the
positions of x=0 and 8 mm, respectively.
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Fibroblast migratory response to a FGF gradient. a) Schematic of fibroblast chemotaxis due
to FGF gradients during wound healing. b) Migration velocity relative to the negative

control for FGF loading concentrations (oaq) of 5, 10, 15, 25, 50, and 100 ng mL~1

showing an optimal concentration at 50 ng mL™1. ¢) FEA results showing the temporal
evolution of the FGF concentration in the cell-seeding chamber (location indicated by the
red dot) for FGF loading concentrations of 10, 25, 50, and 100 ng mL™1 (#= 3, Student’s #
test, p-value notation: * = p< 0.05, ** = p< 0.01, *** = p< 0.001).
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Figure 4.
Glioblastoma migratory response toward single sources of chemoattractants in the absence

of competing gradients. a) Schematic describing the spatially opposing chemotactic signals
that glioblastoma cells encounter in vivo through exposure to spatially varying vascular
microenvironments. b) Migration velocity relative to a negative control in which EGF was
absent for loading concentrations of 25, 50, 75, and 100 ng mL~1 showing an optimal EGF
loading concentration of 75 ng mL™1. ¢) FEA results showing the temporal evolution of the
EGF concentration in the cell plating area for loading concentrations of 25, 50, 75, and 100
ng mL~L. d) Migration velocity relative to a negative control in which BK was absent for

loading concentrations of 50, 100, 200, and 400 pm showing an optimal BK loading

(on

Rel. Migration Velocity

o

Rel. Migration Velocity

N
=}

-
(&)

-
[=]

o
)

o
=)

N
o

0 25 50 75 100
EGF Loading Conc. (ng/mL)

&
()]
T

il
o

2
&)

o
o

*kk Sedek

0 50 100 200 400
BK Loading Conc. (uM)

30}
S 25¢
~ 20}
15}

BK Conc. (u

10 ¢
05}

Page 21

Plot
[ Location

( > 100 ng/mL

75 ng/mL

50 ng/mL

0 v oo oy e gy gy gy gy
0 5 10 15 20 25 30 35 40 45

Time (hr)

400 pM

200 uM

100 pM

50 uM

0 A L
0 5 10 15 20 25 30 35 40 45

concentration of 100 um. e) FEA results showing the temporal evolution of the BK
concentration in the cell plating area for loading concentrations of 50, 100, 200, and 400 um
(n= 3, Student’s #test, p-value notation: * = p< 0.05, ** = p< 0.01, *** = p< 0.001).
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Figureb.

Competitive migration assay results associated with glioblastoma migratory response to
spatially opposing gradients of EGF and BK. a) Photograph and schematic of a 3D printed
migration assay with spatially opposing chemoattractant sources. b) Rose plot showing the
direction and magnitude of cell migration (the EGF and BK sources located at 0 and 180°,
respectively). Highlighted regions indicate octants around each source location. ¢) FEA
results showing the temporal evolution of the spatial concentration profile at £= 4, 8, 24, and
48 h. d) Analysis of the rose plot shown in panel b in terms of the percentage of cells
heading toward the EGF and BK octants. €) Relative migration velocity of cells heading
toward the EGF and BK sources compared to that measured in the absence of EGF or BK,
which served as the negative control. f) Relative migration velocity toward the EGF and BK
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sources in an experiment with competing chemoattractant sources compared to those
measured with a single chemoattractant source (7= 3, ztest (d), Student’s #test (e and f), o
value notation: * = p< 0.05, ** = p<0.01, *** = p< 0.001).
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