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Integrating Nanofibers with Biochemical Gradients to Investigate
Physiologically-Relevant Fibroblast Chemotaxis

Carmen M. Morrow?, Apratim Mukherjee?, Mahama A. Traore®®, Eric J. Leaman?, AhRam Kim?,
Evan M. Smith?, Amrinder S. Nain®®, Bahareh Behkam®"*

Persistent cell migration can occur due to anisotropy in the extracellular matrix (ECM), the gradient of a chemo-effector, or
a combination of both. Through a variety of in vitro platforms, the contributions of either stimulus have been extensively
studied, while the combined effect of both cues remains poorly described. Here, we report an integrative microfluidic
chemotaxis assay device that enables the study of single cell chemotaxis on ECM-mimicking, aligned, and suspended
nanofibers. Using this assay, we evaluated the effect of fiber spacing on the morphology and chemotaxis response of
embryonic murine NIH/3T3 fibroblasts in the presence of temporally invariant, linear gradients of platelet-derived growth
factor-BB (PDGF-BB). We found that the strength of PDGF-mediated chemotaxis response depends on not only the gradient
slope but also the cell morphology. Low aspect ratio (3.4+0.2) cells on flat substrata exhibited chemotaxis response only at
a PDGF-BB gradient of 0-10 ng/mL. However, high aspect ratio (19.110.7) spindle-shaped cells attached to individual fibers
exhibited maximal chemotaxis response at a ten-fold shallower gradient of 0-1 ng/mL, which was robustly maintained up to
0-10 ng/mL. Quadrilateral-shaped cells of intermediate aspect ratio (13.620.8) attached to two fibers exhibited a weaker
response compared to the spindle-shaped cells, but still stronger compared to cells attached to 2D featureless substrata.
Through pharmacological inhibition, we show that the mesenchymal chemotaxis pathway is conserved in cells on fibers.
Altogether, our findings show that chemotaxis on ECM-mimicking fibers is modulated by fiber spacing-driven cell shape and
can be significantly different from the behavior observed on flat 2D substrata. We envisage that this microfluidic platform
will have wide applicability in understanding the combined role of ECM architecture and chemotaxis in physiological and

pathological processes.

Introduction

Physiological and pathological processes including embryogenesis?,
wound healing?3, and cancer metastasis* are driven by chemotaxis
(i.e., directed migration in response to the spatial gradient of a
soluble chemo-effector) and guided by the fibrous network of the
extracellular matrix (ECM). In wound healing, platelet granules and
inflammatory cells at the wound site release several growth factors
including the platelet-derived growth factor-BB (PDGF-BB), which
plays an important role in the recruitment and activation of the local
fibroblasts2. In cancer progression, growth factors such as PDGF-BB
and transforming growth factor-B (TGF-B) secreted by cancer cells
play a crucial role in the recruitment of cancer-associated fibroblasts
(CAFs) through chemotactic response. Studies have shown that CAFs
are important to both initial tumor development and cancer cell
invasive behavior as they constantly remodel and organize the ECM
in the vicinity of the tumor, which is believed to promote cancer
invasion into surrounding tissue and metastasis>2.

Chemotaxis has long been observed and studied in eukaryotic cells
using classical methods such as capillary assay®, Boyden chamber?,
or Zigmond chamber!!, While these assays have been vital in
understanding the fundamentals of chemotaxis and overall cell
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migration, they are unable (i) to establish gradients that are both
measurable and stable over long periods of time®13, a requisite for
studying slow-moving cells; and (ii) to recapitulate the three-
dimensional (3D) and anisotropic arrangement of the fibrous ECM4-
17, The advent of microfluidics has substantially enhanced the
generation of stable chemo-effector gradients through diffusion-
based mixing (for recent reviews, see refs.1819); nevertheless,
chemotaxis studies in microfluidic devices have rarely focused on the
role of ECM-mimicking topography on chemotaxis response. It is now
well-recognized that substratum topography has a profound effect
on cell migratory behavior and phenotype?%21, As such, many recent
cell migration studies are conducted on physiologically relevant
topography that replicates one or more aspects of the ECM that cells
migrate upon in vivo?%22-31, The majority of these studies utilize 3D
gels made of either ECM proteins such as collagen and fibrin or non-
biological hydrogels?327-31, However, high-resolution imaging and
tracking of individual cells, which is important for understanding cell
migration on a fundamental level, is a well-known challenge in 3D gel
studies3233, Furthermore, heterogeneity in gel physical properties
(e.g., the diameter of fibrils, crosslinking density) is an added
complexity. In order to mitigate the challenges of studying 3D
migration while still capturing the effects of physiologically relevant
topographical features, a few studies by us and others have used
single and multi-fiber-based reductionist approaches, which enable
the study of cell behavior in response to well-defined and highly
repeatable biophysical cues20.26:34-38 However, little is known about
the chemotactic behavior of cells on suspended fibers mimicking the
native ECM.
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Here, we present a flow-based microfluidic assay that combines a
time-invariant and quantifiable chemical gradient with suspended
aligned nanofibers of uniform diameter and controlled spacing.
Using this assay, we investigated the effect of fiber spacing on
fibroblast morphology and migratory behavior and quantitated its
chemotaxis response in the presence of linear gradients of PDGF-BB,
a well-known chemoattractant and mitogen for fibroblasts3940. We
show that the chemotaxis response varies with cell shape
(modulated by the inter-fiber spacing) and that cells with higher
aspect ratio are more sensitive to PDGF-BB gradients. Notably, we
demonstrate cells attached to individual fibers in elongated shapes
are remarkably more sensitive to PDGF-BB and chemotactically
respond to an order of magnitude shallower PDGF-BB gradients
compared to the cells on flat substrata. Through pharmacological
treatment, we show that mesenchymal chemotaxis pathway is
conserved in cells on fibers. Development of microfluidic assays that
combine stable and quantifiable chemical gradients with ECM-
mimicking suspended fibers provide new contextual tools to
interrogate the cell decision-making process in a controlled and
repeatable manner.

Experimental

Fabrication of the Suspended Nanofiber Array

Biocompatible 316 stainless steel (Motion Industries, Roanoke, VA)
was cut into 2 mm x 5 mm scaffolds with a 1.7 mm x 1.7 mm square
opening. Polystyrene nanofibers were deposited on the stainless
steel scaffold using the non-electrospinning Spinneret based Tunable
Engineered Parameters (STEP) method*1-43, Briefly, polystyrene (PS,
Scientific Polymer Products, Ontario, NY, My: 2 x 10 g mol-1) was
dissolved in p-xylene (Fischer Scientific, Pittsburgh, PA) at 14% (w/w)
and the solution was extruded through a needle to deposit
suspended and highly aligned fibers at precise spacing of 15 um or
25 um. The nanofiber arrays were exposed to the vapor phase of
tetrahydrofuran (a polystyrene good solvent) to fuse them to the
surface of the stainless steel scaffold and create fixed-fixed boundary

Page 2 of 10

conditions at the ends of the suspended fibers (Figure S1). The
diameter of the fibers was 535 + 9 nm (n=120), as determined by
scanning electron microscopy (SEM). This fiber diameter falls within
the range of in vivo ECM fiber diameters which are as small as 50 nm
(collagen fibrils) and as large as a few micrometers (collagen
fibers)#44>, Furthermore, polystyrene and collagen have similar
Young’s moduli of ~1-3 GPa*¢47, The ECM porosity varies widely from
> 100 umZ?in loose connective tissue and lymph nodes to < 1 umZ2in
dense collagen bundles*8. Thus, the ranges of fiber spacing chosen by
us fall within the in vivo range and result in physiologically relevant
cell shapes*9:0,

Fabrication of the Microfluidic Device

The diffusive mixer design was inspired by the pioneering work of N.
Jeon et al.>! and was microfabricated from polydimethylsiloxane
(PDMS) using standard soft lithography techniques2. A schematic of
the microfluidic platform is shown in Figure 1a. The PDMS device has
two inlets, one for a buffer solution and the other for the chemo-
effector of interest, which feed into the network of diffusive mixing
channels. Prior to irreversible bonding of the PDMS to the glass slide,
two arrays of suspended nanofibers were adhered onto the glass
slide with medical-grade epoxy (Master Bond, Hackensack, NJ). The
nanofiber arrays were placed in series in the observation channel
with fibers aligned with the direction of the chemical gradient and
perpendicular to the flow direction (Figure 1a). The inlet flow rates
and the diffusive mixer pattern were carefully designed in order to
establish a linear chemical gradient over the length of the fibers (see
ESI document for microfluidic device design detail). Eleven channels
exit from the serpentine diffusive mixing channels and converge into
an observation channel 2.2 mm x 15 mm, developing a linear
chemical gradient downstream. All channels were 500 um in height
in order to minimize shear forces on cells migrating on the suspended
nanofibers deposited on the 75 um thick stainless steel scaffolds. The
negligible effect of the shear force on cell migratory behavior was
confirmed by the lack of a statistically significant difference in
migration speed of the cells on similar nanofiber scaffolds in the
microfluidic device and in well plates (Figure S2).

(a) (b) 2D Fibers Fibers
Flat Small Spacing Large Spacing
Buffer Inlet —Z v ‘?h; Chemo-effector 15 '""I 25 um I
= Inlet =
IE& ﬁ J @ — ) =
& | —
PDMS s Glass Slide
Device Layer \
Nanofiber | Diffusive (c) 20 r—angmi
Scaffold { Mixing J ---0-0.1 ng/ml
= | Channels E wee-0-1 ng/ml s
1 i 215 L |- -05ngiml z
= - .- 0-10 ngiml s
2 — - 0-20 ng/iml| =
E10 i
E £ . a7
E | Chemical 2 Ve b
Gradient 3 s e
w & 2 L= -
% s el
1 g e =
P P Lo
—Ll 0 1 2
Outlet Distance Along Channel Width (mm)
Fig. 1 Microfluidic assay device for characterizing chemotaxis response on ECM-mimicking suspended nanofibers. (a) Schematic of the microfluidic assay
device with ECM-mimicking suspended fiber arrays placed in the observation channel. The fluorescence inset images show the fluorescein (surrogate for
PDGF-BB) gradient generated at the entrance to the observation channel and downstream near the nanofiber scaffold. (b) The schematics show the three
different substratum types tested—2D flat polystyrene, 500 nm diameter polystyrene fibers at 15 um spacing, and 500 nm diameter polystyrene fibers
at 25 um spacing, resulting in spread, quadrilateral, and spindle morphologies, respectively. (c) 3T3 cells were subjected to linear PDGF-BB gradients of
0-0.1, 0-1, 0-5, 0-10, 0-20 ng/mL across the 2.2 mm width of the observation channel. The repeated splitting and mixing of the flow in the diffusive mixing
channels ensures a steady linear concentration gradient along the suspended fibers.
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Cell Culture

NIH/3T3 fibroblasts (ATCC CRL-1658, American Type Culture
Collection, Manassas, VA) were cultured in Dulbecco's Modified
Eagle Medium (DMEM, American Type Culture Collection, Manassas,
VA) supplemented with 10% (v/v) calf bovine serum (CBS, American
Type Culture Collection, Manassas, VA) and were maintained at 37
°C and 5% CO,. To circumvent the need for CO, during
experimentation, the cells were adapted to a COj-independent
medium (Thermo Fisher Scientific, Waltham, MA) supplemented
with 10% (v/v) CBS and 2% (v/v) 200 mM L-glutamine (Fisher
Scientific, Pittsburgh, PA) for 24 hours prior to each experiment. The
culture density was approximately 5 x 10* cells/cm? at the start of
media adaptation. The CO,-independent medium culture was stored
ina 37 °C humid incubator.

Migration and Chemotaxis Assay in the Microfluidic Device

The assembled microfluidic device was first primed with 100%
ethanol and then filled with autoclaved deionized (DI) water.
Fibronectin at a concentration of 5 pg/mL (Sigma-Aldrich, St. Louis,
MO) in phosphate-buffered saline (PBS) was flowed through the
device at 20 uL/min for 5 min to replace the PBS. The flow was then
stopped, and the device was incubated at 37 °C for 3 hours to
facilitate uniform fibronectin coating of the substrata (i.e.,
polystyrene nanofibers or flat polystyrene substrata (control), Figure
1b). After incubation, CO,-independent medium supplemented with
10% (v/v) CBS, 2% (v/v) 200 mM L-glutamine, and 1% (v/v) penicillin-
streptomycin (Fisher Scientific, Pittsburgh, PA) was flowed through
the device at 20 puL/min for a minimum of 5 min. A syringe containing
~ 105 cells/mL was inserted into the outlet tube, and the suspension
was manually pushed into the device. The device was left at 37 °C for
3 hours to allow cell attachment to the substratum. After
attachment, one of the CO-independent medium inlet syringes was
exchanged for a syringe containing the selected PDGF-BB (Fisher
Scientific, Pittsburgh, PA) concentration in CO,-independent medium
(Figure 1c). The PDGF-BB and CO,-independent medium were flowed
at a combined flowrate of 1 pL/min (500 nL/min per syringe) for 2
hours to establish a linear PDGF-BB gradient throughout the length
of the observation channel. This flowrate was maintained
throughout the duration of the experiment. Cells remained viable
and motile for the entire 12-hour duration of the experiment. Cell
behavior was analyzed during the final 6 hours, wherein no
measurable influence on cell motile behavior was measured (Figure
$3). A Zeiss AxioObserver.Z1 inverted microscope equipped with an
AxioCam MRm camera and a 20x objective was used to capture
images of cells every 10 min. Zen software (Zeiss Microscopy,
Oberkochen, Germany) was used to create tiled images of the entire
nanofiber length.

Blebbistatin Experiments

Pharmacological studies were performed to determine the role of
mesenchymal chemotaxis pathway in chemotaxis response of
fibroblast cells on suspended nanofibers. Chemotaxis assays were
conducted in the presence of Myosin Il inhibitor — Blebbistatin (BLB;
Enzo Life Sciences, Farmingdale, NY). For these experiments, a 10
mM stock solution of BLB was first prepared in dimethyl sulfoxide
(DMSO; American Type Culture Collection, Manassas, VA).
Subsequently, after the stable attachment of the cells to the
substrata, as described above, BLB was introduced into the device via
both the inlet syringes at a concentration of 15 uM and the device
was incubated for 2 hours prior to imaging. After the 12 hour imaging
period, the BLB was washed out from the device by reintroduction of
CO,-independent medium in one syringe and PDGF-BB in CO,-
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independent medium through the other syringe, thus re-establishing
the PDGF-BB gradient in the absence of BLB. The cells were imaged
for 6 additional hours to confirm that the BLB effect was reversible.

Data Analysis

All reported results are obtained from at least three independent
experiments for each PDGF-BB gradient, substratum type, and
pharmacological treatment. All microscopy images were processed
and exported to Imagel (NIH, Bethesda, MD) for analysis. Any cells
that interacted with other cells, interacted with the substratum edge,
divided, or died during the experiment, were excluded. A
displacement criterion of 10 um/h for at least half of the experiment
duration was used to omit non-migratory cells from the analysis. All
data are expressed as meansiS.E. All statistical analyses were
performed in OriginPro (OriginLab, Northampton, MA). A two-
sample t-test was performed on data with two categories. Data with
more than two categories were analyzed using the one-way analysis
of standard variance (ANOVA) method followed by Fisher’s Least
Significant Difference (LSD) test. Differences between results were
considered statistically significant when the p-value was less than
0.05.

Results and discussion

Effect of fiber spacing on NIH/3T3 fibroblast shape and migratory
behavior

NIH/3T3 fibroblast morphology and migratory behavior were studied
in the microfluidic assay device on suspended, aligned, polystyrene
nanofibers with either 15 um (small) or 25 um (large) spacing, and on
flat polystyrene substrata (control) in the absence of a PDGF-BB
gradient. As shown in Figures 1b and 2a, cell morphology was
observed to be substratum dependent and is referred to as spread
(on flat substratum), quadrilateral (on fibers with 15 um spacing),
and spindle (on fibers with 25 um spacing). In both cases, cell
movement is constrained to one-dimension (1D) along the length of
the fibers. Cell shape on the three different substrata was
quantitatively compared using the metric aspect ratio (AR), defined
as

AR = (1)
where [ is the cell length and w is the cell width, respectively. Both
the length and the width were measured through the center of the
cell nucleus. For consistency, the aspect ratio measurements for cells
on flat substrata were only taken when the cell was aligned with the
channel width, the same orientation as cells on fibers and the
chemical gradients (in the chemotaxis experiments). As shown in
Figure 2b, cells on flat polystyrene had the lowest aspect ratio
(3.410.2) followed by cells on nanofibers with small spacing
(13.6£0.8), and nanofibers with large spacing (19.1+0.7). The
migratory behavior of the cells on the three substratum types was
studied next. Cell positions were tracked every 10 minutes for 6
hours. Representative cell trajectories on each substratum type are
shown in Figure 2c (i-iii). On average, spindle-shaped cells displaced
37914481 um, whereas quadrilateral-shaped cells only displaced
19454264 pum. Cells in spread morphology displaced the least with
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Fig. 2 Effect of fiber spacing on cell morphology and migratory behavior. (a) Phase-contrast optical microscopy images of the 3T3 cell morphology on flat
substratum, suspended nanofibers with small spacing, and suspended nanofibers with large spacing (from left to right). Cells are in the well-recognized
spread morphology on the flat substratum, whereas cells achieve “quadrilateral” shapes on fibers with small spacing and “spindle” shapes on the fibers
with large spacing. (b) Cell aspect ratio on 2D flat polystyrene (n=111), fibers with small spacing (n=37), and fibers with large spacing (n=52). (c)
Representative cell trajectories on each of the three substratum types. Because cell migration on fibers was limited to 1D, the trajectories were plotted
as a function of time. Individual trajectories are represented in different colors. Initial positions of the cells were superimposed at the origin for
comparison. The zero displacement reference line (black) delineates cells moving in positive and negative x-directions. Each plot depicts data from 20
cells. (d) Average cell migration speed on 2D flat polystyrene (n = 111), polystyrene fibers with small spacing (n = 37), and polystyrene fibers with large
spacing (n = 67). (e) Persistence on 2D flat polystyrene (n = 111), polystyrene fibers with small spacing (n = 37), and polystyrene fibers with large spacing
(n=67). Error bars in (b), (d), and (e) represent 95% percentile of data. **p value <0.01, ***p < 0.001, ****p < 0.0001.

an average of 15611 um over the 6 hour duration. The migration
speed and persistence of the cells were computed to quantitatively
compare their migratory behavior on the three substrata. Average
migration speed, Vg, was defined as the average of instantaneous
speed of the cell and was calculated according to
Vavg = Z?=71|1‘2+1—l‘i| 2)
Where r1; represents the cell location at the it"time point, and t is the
duration of the experiment (6 hours). As shown in Figure 2d, the
average cell speed on the flat substratum was the lowest at 19.9+0.6
um/hr. Cells on fibers with small spacing had a slightly higher average
speed of 21.7+1.6 um/hr, although no statistically significant
difference between the two groups was observed. For cells on fibers
with large spacing, the average speed of 28.8+2.1 um/hr was 45%
higher than the average speed of cells on flat polystyrene. These
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findings are consistent with prior works demonstrating a correlation
between cell shape and migration speed, wherein cells in more
elongated (polarized) morphology have higher migration speed37.57,
To assess the directionality of cell migration on each substratum,
persistence, defined as the ratio of the magnitude of the
displacement vector to the total distance travelled by the cell, was
quantitated next:

ITfinal —Tinitial|
The average persistence was the lowest on the flat substratum at
0.68+0.02. Persistence of the cells on fibers with small spacing was
only slightly higher with an average value of 0.73+0.05, whereas on
fibers with large spacing the persistence was considerably higher at
0.83+0.03. This 22% increased persistence of cells migrating on
suspended nanofibers with large spacing, compared to flat

Persistence =

This journal is © The Royal Society of Chemistry 20xx
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polystyrene, was statistically significant. However, no statistically
significant difference was observed between the two nanofiber
groups, suggesting that differences in fiber spacing-induced cell
morphology do not affect the persistence of fibroblast cells (Figure
2e).

NIH/3T3 fibroblast migration in linear PDGF-BB gradients

Next, the effect of substratum type and the corresponding cell
morphologies on the NIH/3T3 fibroblast cell chemotaxis response
was investigated. Time-invariant linear PDGF-BB gradients with
different slopes were established across the width of the observation
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channel, along the flat substrata or the 1.5 mm length of the
suspended nanofibers, and chemotaxis response of cells in the three
aforementioned morphologies was interrogated. Four concentration
ranges of 0-1, 0-5, 0-10, and 0-20 ng/mL (corresponding to gradients
of 0.45, 2.3, 4.5, and 9 ng/mL/mm, respectively, Figure 1c) were
tested. The range of PDGF-BB concentrations utilized in this work is
in line with reported values for in vivo PDGF concentrations>3-56, Cell
positions were tracked every 10 minutes for 6 hours. Representative
migration trajectories of the cells on each substratum type in the
presence of 0-1 ng/mL and 0-10 ng/mL of PDGF-BB are shown in
Figure 3a. Compared to Figure 2c, the trajectories in Figure 3a
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Fig. 3 Effect of fiber spacing on cell morphology and migratory behavior in presence of PDGF-BB gradients. (a) Representative cell migration trajectories
on each of the three substratum types in presence of 0-1 ng/mL and 0-10 ng/mL PDGF-BB concentration gradients. Individual trajectories are represented
in different colors. Initial positions of the cells were superimposed at the origin for comparison. The zero displacement reference line (black) delineates
cells moving up (positive) and down (negative) the chemoattractant gradient. Each plot depicts data from 20 cells. (b) Cell aspect ratio on 2D flat
polystyrene (n =111, 56, and 53 for 0, 0-1, and 0-10 ng/ml PDGF-BB, respectively), fibers with small spacing (n =37, 37, and 45 for 0, 0-1, and 0-10 ng/ml
PDGF-BB, respectively), and fibers with large spacing (n = 52, 53, and 55 for 0, 0-1, and 0-10 ng/ml| PDGF-BB, respectively). (c) Average cell migration
speed on the 2D flat polystyrene, polystyrene fibers with small spacing, and polystyrene fibers with large spacing. The number of cells analyzed are 111,
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showed biased movement on all the three substratum types. On flat
substrata, trajectories in Figure 2c-i are randomly distributed
whereas a clear bias (towards positive y-values) in trajectory
distribution is observed in plots shown in Figure 3a-i, particularly in
the presence of 0-10 ng/mL of PDGF-BB. Likewise, a larger number
of the cells on fibers exhibited biased migration in the presence of
the PDGF-BB gradients, as shown in Figures 3a-ii and 3a-iii,
compared with control (Figures 2c-ii and 2c-iii).

The effect of gradient on aspect ratio and migration speed on each
substratum type was investigated next. We found that the aspect
ratio of the cells was independent of the gradients on all three
substratum types (Figure 3b). Similarly, cell migration speed on fibers
was found to be largely independent of the gradient irrespective of
the fiber spacing (Figures 3cii-3ciii). In contrast, the migration speed
of the cells on 2D flat substratum was sensitive to the gradient, as
shown in Figure 3ci.

Next, three metrics of Directional Persistence (DP), Chemotaxis
Index (CI), and Population-Scale Chemotaxis Response (CR) were
identified to quantitatively compare the cells chemotactic behavior,
at the single-cell and population-scale, as a function of the PDGF-BB
gradient slope and the substratum type. DP was defined as the
displacement vector divided by the total distance traveled (Figure
4a):

DP = l‘final—l'initial (3)

=3
%:17|ri+1‘ri|

where I, is the final cell position, rjyjtia is the initial cell position,
and the denominator represents the total distance traveled by the

cell over the duration of the experiment (Figure 4a). Physically, the
DP value represents bias in cell migration towards the
chemoattractant source, and its value ranges between-1to 1. ADP
value close to 1 indicates that the cell consistently migrated towards
the source of the chemoattractant while a large negative DP value
indicates that the cell predominantly migrated away from the
chemoattractant source. As shown in Figures 4b-c, on flat substrata
and on fibers with small spacing, only cells subjected to 0-10 ng/mL
PDGF-BB gradient showed statistically significant higher DP values,
compared to the control. In contrast, on the fibers with large spacing,
the DP values at gradients of 0-1, 0-5, and 0-10 ng/mL were strikingly
similar (0.31 + 0.11, 0.31 * 0.10, 0.32 * 0.11, respectively) and
significantly higher than that of the control (-0.005+ 0.103) and the
0-20 ng/mL case (0.14+ 0.12).

The chemotaxis response was further interrogated by evaluating the
chemotaxis index (CI) on each substratum as a function of PDGF-BB
gradient. CI was defined as

1= @ = (B s ()

Ax |Ax|

where 6 is the angle between the displacement vector and its
component in the chemical gradient direction (Figure 5a), Ax and 4y
are the cell displacement vector components parallel and
perpendicular to the gradient, respectively. All displacement vectors
were measured with respect to the initial and final cell positions. CI
represents the strength of response to a chemoattractant gradient.
A positive CI indicated the cell displaced towards the
chemoattractant while a negative chemotactic index indicated the
opposite. In comparison with DP, the trends in CI represent a finer
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delineation of the chemotactic response on the flat substratum as
the angle 6 can vary between 0° and 360° (Figure 5b-i). For the cells
on fiber, due to the constraint of the migration path along the fiber,
the CI will have either a value of 1 or -1. Thus, not surprisingly, the
CI for cells on fibers followed the same trend as the DP with
statistically significant differences in CI values between control (-
0.03+1.01) and 0-10 ng/mL (0.42+0.92) on fibers with small spacing
(Figure 5b-ii), and between control (-0.02+1.01) and 0-1, 0-5, and O-
10 ng/mL (0.36+0.94, 0.32+0.95, and 0.42+0.92) on fibers with large
spacing (Figure 5b-iii).

We then defined a new metric, Population-Scale Chemotaxis
Response (CR), which represents the percentage of cells with a
positive CI for each PDGF-BB gradient and substratum type
combination (Figure 5c). A CR value of 50% indicates that there was
no bias in the population migration, while a CR value of 100%
indicates that all cells displaced towards the chemo-attractant
source. On the flat substratum, the CR gradually increased with an
increase in the PDGF-BB gradient slope up to a maximum value of
70% + 3.1% at a PDGF-BB concentration of 0-10 ng/mL. At a larger
concentration of 0-20 ng/mL, response decreased to 58%z+ 0.2% and
remained low even at the higher concentration of 0-100 ng/mL (data
not shown), presumably due to the saturation of the
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chemoattractant receptors. Presence of a maximum CR value and
saturation at higher gradients is well-expected for cell response to a
chemoattractant, including PDGF-BB#%%8, On fibers with large spacing
(spindle-shaped cells), the maximum CR value of 71% + 1.7% was
observed at the concentration gradient of 0-10 ng/mL and a drop in
chemotactic response at 0-20 ng/mL was observed, similar to cells
migrating on flat polystyrene. However, a strikingly different
behavior was observed at the intermediate gradient values, wherein
strong chemotaxis responses were observed at significantly
shallower PDGF-BB gradients of 0-1 (68% + 0.5%) and 0-5 ng/mL (66%
+2.6%). We did not observe a chemotaxis response (i.e., CR > 50%)
at the lower concentration gradient of 0-0.1 ng/mL (data not shown).
Cells on fibers with small spacing (quadrilateral-shaped cells)
responded to shallower PDGF-BB gradients as well. However, the CR
values of 59% + 4.9% and 60% + 0.8% at the intermediate gradients
of 0-1 and 0-5 ng/mL were weaker than the response of the cells on
fibers with large spacing. At the optimal concentration gradient of 0O-
10 ng/mL, the CR value remained consistent with the other two
substratum types at 71% * 0.4% and a drop in chemotaxis response
at 0-20 ng/mL was still observed. Altogether, we found that an
equally strong chemotaxis response at the optimal chemoattractant
gradient is observed irrespective of the substratum type. However,
at less than optimal gradient, the response varied significantly with
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Fig. 5 Effect of fiber spacing on single-cell and population-scale chemotaxis response in presence of PDGF-BB gradients. (a) Schematic showing the
definition of the chemotaxis index (CI). (b) CI values as a function of PDGF-BB concentration gradient for cells migrating on 2D flat polystyrene,
polystyrene fibers with large spacing, and polystyrene fibers with small spacing. The black crosses represent the average values. Error bars represent
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the substratum type (cell shape). We found that the spindle-shaped
cells demonstrate a substantially higher chemotaxis sensitivity at
shallower PDGF-BB concentration gradients and maintain a
uniformly strong chemotaxis response across a wide range of PDGF-
BB concentrations from 0-1 ng/mL to 0-10 ng/mL.

Conceptually, chemotaxis is comprised of three key components —
motility, directional sensing, and polarity. The increased chemotaxis
sensitivity of cells on fibers may be attributed to the marked
differences in all three components. Cells on fibers with large spacing
are on average 45% faster. Furthermore, due to the substrate
geometry, cells on fibers have higher aspect ratios (390% higher AR
value for spindle-shaped cells, compared to the cells in spread
morphology) and are constrained in the gradient direction, both of
which enhance the directional sensing and reduce lateral noise®°.
Lastly, the chemotaxis response relies on spatial sensing and is a
function of the difference in the number of bound chemoreceptors
between the front and the back of the cell. The significantly larger
aspect ratio of cells on fibers (Figure 2b) presumably amplifies small
gradients through sensing a larger difference in PDGF-BB
concentration. Altogether, this results in the 3T3 cells in spindle
morphology to exhibit the most sensitive chemotaxis response
(highest CR) in concentration ranges as small as 0-1 ng/mL which is
maintained up to 0-10 ng/mL range.

Pharmacological Inhibition of Mesenchymal Chemotaxis

We next wanted to investigate if the mesenchymal chemotaxis
signaling pathway is conserved in cells on fibers, despite the
significantly different chemotaxis response. Although the molecular
circuits that control chemotaxis in mesenchymal cells are not as
extensively explored as the amoeboid chemotaxis pathway, a recent
study by S. Asokan et al. elegantly showed that regulation of non-
muscle myosin IIA (MyollA), via its regulatory light chain serines 1
and 2 phosphorylation by a noncanonical PLCy/PKCa pathway, is
required for PDGF-BB chemotaxis®®. The authors of this study
showed that local inhibition of MyollA at the leading edge of the
growth factor-stimulated chemotactic fibroblast and the resulting
asymmetry in the MyollA concentration leads to increased
contractility and retraction of the rear of the cell; thus pushing the
cell in the direction of the leading edge. The same study also showed
that inhibiting MyollA activity via BLB treatment blocks PDGF-BB
based chemotaxis for fibroblasts on flat substrata.

Thus, the effect of BLB on 3T3 cell chemotaxis on the three
substratum types at the optimal gradient of 0-10 ng/mL was
investigated. Introduction of BLB blocked the PDGF-BB driven
fibroblast chemotaxis and significantly reduced the CI of the cells
which in turn reduced the CR value to approximately 50% (i.e., no
bias in the population migration, Figure 5c-d). However, no
appreciable effect on the cell migration speed was observed (Figure
5d). Both observations are consistent with the results from S. Asokan
et al. on flat substrata. The effect of BLB was reversible, i.e., upon
washing out the drug and reintroducing the PDGF-BB gradient, cells
resumed their chemotaxis behavior (data not shown). These
observations indicate that the main elements of the signaling
pathway for mesenchymal chemotaxis on flat substrata is conserved
for cells migrating on the suspended nanofibers.

Conclusions

A novel microfluidic assay device incorporated with ECM-mimicking
nanofibers was developed to interrogate cell shape-driven plasticity
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in fibroblast chemotaxis response. By studying chemotaxis response
to linear PDGF-BB concentration gradients on suspended
polystyrene nanofibers, at small or large spacing, and flat
polystyrene, significant differences in cell behavior on the different
substrata were quantified. We document remarkable sensitivity in
chemotaxis response to linear PDGF-BB concentration gradients in
cells of different shapes on suspended nanofibers. Although the
obligate pathway for mesenchymal chemotaxis towards the
receptor tyrosine kinase (RTK) ligand PDGF-BB is conserved, cells on
suspended fibers demonstrated substantially higher chemotaxis
sensitivity and responded to an order of magnitude shallower PDGF-
BB concentration gradient. Altogether, the strength of the
chemotaxis response was dependent not only on the PDGF-BB
gradient but also on the cell morphology (aspect ratio) which was
modulated by varying the inter-fiber spacing. Given the
heterogeneity in cell shape in physiologically relevant environments,
the significant role of cell shape in mesenchymal chemotaxis
response must be further explored. It is generally understood that a
uniformly strong chemotaxis response to varying chemo-effector
concentration gradients, as seen in Figures 4d and 5c is a hallmark of
amoeboid chemotaxis response (e.g., neutrophils) and that PDGF-
mediated chemotaxis response is less sensitive and strongly depends
on the PDGF gradient and mid-point concentration®l. Our findings,
however, demonstrate that mesenchymal chemotaxis is strongly
modulated by the cell shape and can be significantly different from
the behavior observed on flat 2D substrata.

These findings highlight the importance of studying cell migration
and chemotaxis in vitro environments that are more representative
of the ECM that cells migrate upon in vivo. Using fiber networks
capable of isolating individual protrusions longitudinal and
transverse to cell migration direction® or measuring cell forces®, our
integrative microfluidic platform raises a number of intriguing
opportunities to investigate potential changes in the contribution of
other mechanisms that control protrusive activity; e.g., adhesive
signaling and crosstalk between PDGF and integrin-dependent
signaling pathways®4%>. In the future, this platform will be further
developed to enable the study of the cell decision-making process in
the presence of competing biophysical and biochemical cues to gain
insight into directed cell migration in developmental, disease and
repair biology.
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