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Microengineering 3D Collagen Matrices with
Tumor-Mimetic Gradients in Fiber Alignment

Indranil M. Joshi, Mehran Mansouri, Adeel Ahmed, Dinindu De Silva, Richard A. Simon,
Poorya Esmaili, Danielle E. Desa, Tresa M. Elias, Edward B. Brown IlI,

and Vinay V. Abhyankar*

Collagen fibers in the 3D tumor microenvironment (TME) exhibit complex
alignment landscapes that are critical in directing cell migration through a
process called contact guidance. Previous in vitro work studying this
phenomenon has focused on quantifying cell responses in uniformly aligned
environments. However, the TME also features short-range gradients in fiber
alignment that result from cell-induced traction forces. Although the influence
of graded biophysical taxis cues is well established, cell responses to
physiological alignment gradients remain largely unexplored. In this work,
fiber alignment gradients in biopsy samples are characterized and recreated
using a new microfluidic biofabrication technique to achieve tunable
sub-millimeter to millimeter scale gradients. This study represents the first
successful engineering of continuous alignment gradients in soft, natural
biomaterials. Migration experiments on graded alignment show that human
umbilical vein endothelial cells (HUVECSs) exhibit increased directionality,
persistence, and speed compared to uniform and unaligned fiber
architectures. Similarly, patterned MDA-MB-231 breast cancer cell aggregates
exhibit biased migration toward increasing fiber alignment, suggesting a role
for alignment gradients as a taxis cue. This user-friendly approach, requiring
no specialized equipment, is anticipated to offer new insights into the
biophysical cues that cells interpret as they traverse the extracellular matrix
(ECM), with broad applicability in healthy and diseased tissue environments.

1. Introduction

Type I collagen fibers are crucial in coordi-
nating cellular activities in native tissues,
with aligned fiber domains extending
over sub-millimeter to millimeter length
scales.'3] At the millimeter scale, fiber
alignment maintains the organization
of cardiac, skeletal, and smooth muscle
cells and enables directional force gener-
ation along the axis of alignment.*° At
the sub-millimeter length scale, aligned
fibers guide epithelial, endothelial, and
immune cells during tumor invasion,”)
angiogenesis,[*1°1 and immune traffick-
ing processes,'!l respectively. Here, the
aligned fibers provide biophysical contact
guidance cues that help cells navigate
toward or away from vascular and lymph
vessels during the matrix invasion phase of
the metastatic cascade. Indeed, in biopsy
samples of breast,”! ovarian,'”) and pan-
creatic cancer,® collagen fibers oriented
perpendicular to the tumor interface are a
clinical predictor of metastases and poor
patient outcomes. Over the past decade, the
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biological significance of fiber alignment

has led to the development of in vitro plat-

forms to study the impact of extracellular
matrix (ECM) architecture on cell behavior in healthy and dis-
eased tissue.[31*)

The overarching goal of 3D in vitro model systems is to im-
prove the physiological relevance of experiments by replicat-
ing tissue-specific environmental cues and matrix architectures.
To this end, collagen is a popular biofabrication material be-
cause it is the most abundant structural protein in the body
and can create hydrogel scaffolds with defined fiber alignment
landscapes in the laboratory. As reviewed by several groups, col-
lagen fibers can be aligned using bioprinting approaches,[!>16]
electrospinning,['”!8] or by applying external magnetic,!'”! elec-
tric, strain,!22!l and flow fields.!?223] Alternatively, collagen fibers
can be reorganized and aligned using embedded, contractile cells
followed by decellularization to produce a hydrogel with uni-
form fiber alignment.['*242°] Although these methods effectively
create collagen-based hydrogels with homogeneous, millimeter-
scale fiber alignment, they cannot replicate the more complex
sub-millimeter scale alignment found in vivo.

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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The ECM can exhibit sub-millimeter spatial heterogeneity
because the matrix architecture is actively reorganized in re-
sponse to cell-induced traction forces.[?°! These cell-substrate in-
teractions introduce local gradients in matrix properties that are
sensed and interpreted by resident cells. For example, the motility
of epithelial, endothelial, and immune cells in response to graded
biophysical “taxis” cues, including stiffness (durotaxis),[?”?! to-
pography (topotaxis),!?*3% tethered biomolecules (haptotaxis),!!
have been extensively studied. Importantly, there is evidence
that cells respond to spatially graded cues differently than ho-
mogeneous signals.[*’34] This phenomenon is particularly rel-
evant to the tumor microenvironment (TME), where cell-matrix
interactions can introduce sub-millimeter fiber alignment land-
scapes that decay with distance away from the interface (i.e.,
fiber alignment gradients).[*>! However, studies that explore the
role of contact guidance in natural materials are primarily lim-
ited to collagen or fibrin hydrogels with uniformly aligned fiber
architectures.l'*3¢] Thus, the importance of graded biophysical
cues is well-recognized, but fiber alignment gradients have not
been widely investigated as a potential guidance cue, likely be-
cause an experimentally tractable method to engineer complex
alignment gradients in natural materials was not available.

To help develop increasingly biologically relevant in vitro mod-
els, we present a geometry-based approach using a constricting
and expanding channel design to engineer 3D collagen gels with
continuous, graded fiber alignment spanning sub-millimeter to
millimeter length scales that can be tuned simply by adjusting the
input flow rate. We also describe a flexible experimental approach
that enables single cells and cell aggregates to be patterned at
defined locations on the alignment gradient to uniquely study
migration responses. As a proof of concept, we show that sin-
gle human umbilical vein endothelial cells (HUVECs) migrate
with increased directionality, speed, and persistence on gradient
gels compared to uniformly aligned and unaligned gels. We also
show that gradients in local alignment strongly bias the direc-
tional migration of patterned MDA-MB-231 cell aggregates to-
ward increasing alignment. In contrast, cell aggregates on uni-
formly aligned gels exhibited bi-directional migration along the
fibers and those on unaligned gels displayed random walk be-
havior. We anticipate that our experimental platform will enable
new studies that explore how fiber architectures influence con-
tact guidance in different tissue contexts.

2. Results and Discussion

2.1. SHG Imaging of Biopsy Samples Reveals Sub-Millimeter
Gradients in Fiber Alignment

Over the past two decades, it has been established that cells
can migrate along aligned collagen fibers within the tumor mi-
croenvironment (TME) in a process called contact guidance.3:3]
To study these responses under controlled laboratory condi-
tions, several teams have developed methods to create uniformly
aligned 3D collagen gels and quantify migration metrics, includ-
ing speed and directionality.3***! However, intravital imaging
studies have revealed that tissue microenvironments contain lo-
cal spatial variations (gradations) in alignment rather than a ho-
mogeneous alignment landscape.l*"! Therefore, to build physi-
ologically representative contact guidance features, our first ob-
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jective was to use second harmonic generation (SHG) imaging
to quantify the degree of heterogeneity in banked, de-identified
triple negative breast cancer (TNBC) biopsy samples. Figure 1A
shows a representative SHG image of the tumor stroma, high-
lighting the variation in alignment observed across the 600 pm
section. To assess the degree of fiber alignment present in the
TME, the image was divided into three equal regions, and the
coefficient of alignment (CoA) was calculated for each region.
Figure 1B shows that average CoA values ranged from 0.67 + 0.04
to 0.34 + 0.07 across the section (slope = 0.02 CoA units10 pm),
with statistically significant differences observed between each
section (n = 7 samples).

These findings were significant because spatially graded bio-
chemical and biophysical signals present different levels of stim-
uli across the length of the cell and are known to play an essen-
tial role in cell migration.'*] These graded cues lead to dif-
ferential engagement of the signal transduction machinery, re-
sulting in asymmetric force generation in the cytoskeleton that
promotes directional migration.[*?) Hence, the presence of subtle
sub-millimeter scale gradients in the biopsy samples prompted
us to ask whether alignment gradients could serve as a signal that
promoted directional migration.

While alignment gradients resembling the interface between
tendon and bone have been achieved using hard synthetic
materials like polycaprolactone and poly(lactic-co-glycolic acid)
through electrospinning, creating fiber alighment gradients in
soft collagen-based biomaterials remains a challenge.[**] Cell-
mediated traction forces can be used to locally rearrange fiber ar-
chitecture (see Figure S1, Supporting Information); however, the
resulting gradient characteristics, including slope and range, are
challenging to control and reproduce. To the best of our knowl-
edge, no existing technologies are capable of microengineering
tunable and reproducible alignment gradients in soft collagen
biomaterials. Developing a platform with robust biofabrication
capabilities is essential to investigate the role of alignment gra-
dients as a guidance cue in the TME and other tissue microenvi-
ronments.

2.2. Fiber Alignment can be Controlled by Introducing Local
Extensional Flows in a Microfluidic Channel

To address the need for biofabrication techniques to create phys-
iological fiber alignment gradients, we took inspiration from our
previous work, where we used local extensional flows to create
3D collagen hydrogels with uniform fiber.*) This technique in-
volved injecting a neutralized collagen precursor solution into a
channel that featured sequential decreases in width, as shown
in Figure 2A. At the beginning of each segment, the change in
geometry introduced a local increase in velocity along the flow
direction (quantified by a positive extensional strain rate, ¢,, =
0U,/0x, and labeled in light blue), which transitioned to a con-
stant velocity state within each parallel-walled segment ( ¢,, =0,
labeled in gray). Here, U, refers to the x component of the ve-
locity vector U, and x is the axial direction. In this design, the
collagen precursor solution experienced successively increasing
extensional strain rate at the entrance of each segment along the
flow direction. We discovered that local extensional flows pro-
duced highly aligned fibers in the downstream segments, and
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Figure 1. Quantification of fiber alignment gradients in the tumor microenvironment. A) A representative SHG image of tumor collagen from a TNBC
patient biopsy sample reveals sub-millimeter gradations in alignment, with CoA ranging from 0.67 to 0.33 across the 600 um section. Scale bar = 25 um.
B) The CoAis plotted as a function of position along the biopsy sample with statistically significant differences between each section. The data is reported

as mean =+ standard deviation compared using one-way ANOVA with Tukey’s multiple comparisons test. *p < 0.05, **p < 0.002 (n = 7 samples).

the degree of alignment could be controlled as a function of flow
rate Figure S3, Supporting Information.[*”] The proposed mech-
anism was consistent with the behavior of other polymer systems
and suggested that a pattern of increasing extensional flow in the
channel induced directional assembly by promoting electrostatic
and hydrophobic interactions in the collagen solution that sup-
ported uniformly aligned fiber formation in each segment.[*51l
Based on these findings, we hypothesized that a channel de-
sign that incorporated a combination of positive, zero, and neg-
ative extensional flows (i.e., positive and negative values of ¢,
along the flow path) could establish a graded fiber alignment ar-
chitecture, as illustrated schematically in Figure 2B. To confirm
that positive (light blue) and negative extensional flows (pink)
could be generated within a single channel, we designed a geom-
etry with i) a funnel-like constriction, ii) a constant width region,
and iii) an expansion well. As shown in Figure 2C, we used micro-
particle imaging velocimetry (uPIV) to measure the velocity of the
neutralized collagen precursor solution in each region with the

input flow rates Q = 500, 100, and 10 uL min~". As expected, the
extensional strain rate was positive (¢, > 0, positive extensional
flow) in the constriction, zero in the constant width region ( ¢,,=
0), and negative (¢, <0, negative extensional flow) upon entering
the expansion region. These validation experiments confirmed
that the extensional flow patterns the collagen precursor solution
experienced along the channel could be controlled as a function
of geometry and flow rate.

Next, we tested our hypothesis that a pattern of positive, zero,
and negative extensional flows would create continuous gradi-
ents in fiber alignment. As shown in Figure 3A, neutralized col-
lagen solutions were injected along the path a-a’ at the three
flow rates characterized in Figure 2C. After gel formation, the
resulting fiber microarchitecture was imaged using confocal re-
flectance microscopy (CRM). We then plotted CoA as a function
of position for all flow rates, with the beginning of expansion de-
fined as x = 0, and positive x values indicating advancing posi-
tion into the expansion (i.e., toward a’). As shown in Figure 3B,C,
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Figure 2. Different extensional flow patterns are introduced by varying the channel geometry. A) A positive and zero extensional flow pattern can be
achieved using a sequentially constricting design. Light blue regions indicate areas of transient stretch due to the velocity increase along the flow
direction (+x), while grey areas identify regions with constant velocity. B) A pattern of positive (light blue), zero (gray), and negative (pink) extensional
flows can be achieved in an expanding and constricting channel design. Self-assembling fibers are shown in yellow. C) uPIV data confirms the expected
extensional flow pattern for the geometry shown in panel B at flow rates Q = 500, 100, and 10 L min~". Schematics in A and B are not drawn to scale.
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Figure 3. Graded fiber alignment as a function of flow rate. A) A schematic
representation of the channel design is shown with the entrance to the ex-
pansion well at x = 0 and flow path a-a’. B) The relationship between CoA
vs distance into the well is shown for input flow rates Q = 500, 100, and 10
uL min~T, with the entrance to the well defined as x = 0. The shaded green
boxes mark the distance into the well over which fibers remain aligned,
CoA > 0.5. Data is shown as mean + SD (n = 3 replicates). C) Representa-
tive CRM images corresponding to the data in panel B that show continu-
ous alignment gradients after gel formation at each flow rate. CoA values
are shown in the bottom left of each image. Scale bar = 25 pm.
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fibers were highly aligned (CoA > 0.7) in the parallel-walled re-
gion immediately before x = 0 for all flow rates. The fiber align-
ment decayed continuously in the expansion for all flow rates but
with key differences in the slope and the distance over which
fibers remained aligned, as indicated by the green-shaded re-
gions. For Q = 500 pL min~!, CoA decreased sharply in the ex-
pansion region, transitioning from aligned to unaligned within
500 um, and created a sub-millimeter scale gradient similar to the
TNBC tumor samples. At Q = 100 uL min~!, fiber alignment ex-
tended 1.2 mm into the expansion, and at Q = 10 pL min~?, align-
ment extended 1.5 mm into the expansion region (Figure 3B).
Figure 3C shows collagen fibers in the pre-expansion funnel
region and montages of the corresponding fiber landscapes for
each input flow rate.

Based on these results, we concluded that a pattern of positive,
zero, and negative extensional flows in the channel produced de-
fined sub-millimeter to millimeter scale alignment gradients that
could be tuned as a function of Q. The mechanism of alignment
could be partially explained as follows: in the constricting section,
self-assembling collagen subunits were forced into close proxim-
ity, stretched, and oriented under the positive extensional flow.
As the solution passed into the uniform width region, the velocity
was constant (zero extension), and the channel walls constrained
the lateral motion of the self-assembling subunits and preserved
their orientation. When the collagen solution entered the expan-
sion well, the dramatic increase in the cross-sectional area pro-
duced a non-linear decrease in fluid velocity (see Figure 2C). The
unconstrained flow in the expansion permitted the oriented sub-
units to diverge from their upstream positions, followed by diffu-
sive spreading that produced a graded fiber alignment landscape
after gel formation.[°233]

One interesting finding was that the highest input flow rate
produced the steepest alignment gradient that transitioned from
aligned to unaligned within 500 ym and was similar in scale
to the sub-millimeter gradients found in TNBC tumor samples
(Figure 1A). In contrast, the slower flow rates exhibited more
gradual changes in alignment, with a longer distance over which
the fibers remained aligned. One possible explanation for this
behavior could be described by considering the Deborah num-
ber (De), which is a ratio between the solution relaxation time (4)
and the flow time scale (z), De = A/7. When De > 1, the elas-
tic behavior of the polymer solution dominates, while viscous,
liquid-like behavior dominates as De << 0.5°7] At a flow rate
of 500 pL min~!, De = 4.1, suggesting that the elastic response
of the collagen solution in the expansion could contribute to the
sharp gradient in alignment. Conversely, at the lower flow rates
tested (Q =100 and 10 uL min~') the response of the solution was
dominated by viscous rather than elastic effects (De = 0.74 and
0.08, respectively), producing a gradient with a less pronounced
slope. Although the mechanism of gradient formation remains
an active area of investigation in our laboratory, the primary goal
of this work was to highlight the concept that simple variations
in channel geometry could create sub-millimeter to millimeter
scale gradients in fiber alignment and provide unique biofabri-
cation capabilities in soft biological materials.

To expand the biomaterial options available with our approach,
we also show that our microengineering technique is not limited
to collagen gels. We have successfully used collagen/fibronectin,
collagen/hyaluronic acid (HA), and glycated collagen to provide
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Figure 4. Matrix pore diameter and fiber fraction as a function of CoA.
Collagen CRM images were divided into 3 categories, high (green, 0.7 <
CoA < 1), medium (light green, 0.5 < CoA < 0.7), and low (white, 0.25 <
CoA < 0.5) alignment. A) The box and whisker plots show the pore diam-
eters in the three CoA categories and ANOVA analysis with Tukey’s mul-
tiple comparison test concluded the values are not statistically different.
Box and whisker plots show median, first and third quartiles, and the min-
imum and maximum values, n = 7 independent gels per group. ns = not
statistically significant.

a range of options to engineer in vitro models to better represent
the architecture and composition of the target tissues (Figure S4,
Supporting Information). Our technique is also compatible with
photoactivatable methacrylated collagen that allows the matrix
modulus to be tuned to match target tissue through exposure
to UV light (see Figure S5, Supporting Information). Notably,
the collagen microarchitecture was maintained before and after
UV exposure, as shown in Figures S6 and S7, Supporting Infor-
mation. Our approach is also compatible with published meth-
ods that control fiber diameter by sequentially varying the gela-
tion temperature from room temperature to 37 °C.’*%° Thus,
our versatile microengineering technique provides a wide range
of biomaterial options to achieve in vitro models that faithfully
replicate the architecture and composition of natural tissues. We
anticipate that this technique can be applied to various fibrous
ECM materials, including fibrin and elastin, to further support
advancements in soft material biofabrication.

2.3. Matrix Fiber Density and Pore Diameter are not Affected by
Collagen CoA

Gradations in matrix pore diameter and fiber density are
well-studied taxis cues that guide cell migration through the
ECM.[61-63] Thus, after establishing a method to create 3D col-
lagen gels with tunable CoA gradients, we investigated whether
CoA influenced pore size and fiber density. We first categorized
fiber architecture into three groups: low (0.25 < CoA < 0.5),
medium (0.5 < CoA < 0.7), and high (0.7 < CoA < 1). To calcu-
late the pore diameter in each group, we used a standard image
processing algorithm to allow for benchmarking against other
work.>] Figure 4A shows no statistical differences in pore di-
ameter between the low, medium, and high CoA categories, and
the average pore across the groups was 2.72 + 0.15 pm. Next,
we investigated whether CoA influenced fiber density, as mea-
sured by the fiber fraction. The relationship between CoA and
fiber fraction is shown in Figure 4B, and no statistical differences
were found among the three alignment categories, with an aver-
age fiber fraction of 0.17 + 0.02. These values are consistent with
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those reported in the literature using similar collagen concentra-
tions and gelation conditions.!%*%] Taken together, these analyses
provide evidence that fiber alignment can be controlled without
influencing bulk pore size or fiber density using our flow-based
biofabrication approach.

These findings are relevant because ligand density is directly
related to the fiber density in the matrix, and our data show that
the fiber density (measured by fiber fraction) is independent of
CoA.I3%%1 Fiber density and porosity are often used as a proxy for
the matrix stiffness.[¥%°] Qur results indicate that these prop-
erties are independent of CoA, suggesting that bulk mechanical
properties may not be linked to CoA in our system. We confirmed
this finding by measuring the Young’s modulus of aligned (CoA
=0.6 +0.02) and unaligned (CoA = 0.4 + 0.02) gels using nanoin-
dentation (See Figure S8, Supporting Information) and found no
statistical differences in the stiffness. Taken together, our system
could be used to quantify how cell migration is influenced by
fiber alignment gradients independent of underlying differences
in porosity, density, or mechanical properties that could confound
experimental interpretation.

2.4. A Reversibly Sealed Microchannel Allows Direct Access to
Microengineered 3D Collagen Gels

After quantifying relationships between CoA, porosity, and fiber
density in our gels, we sought to quantify how cells responded to
fiber alignment gradients in our microfluidic platform. Microflu-
idic approaches are well-recognized as experimental tools that en-
able precise control over the cellular microenvironment.[“+7071.72]
Conventional microfluidic systems are permanently sealed, and
the introduction of cells requires that they are included in the
self-assembling gel solution or added through ancillary seed-
ing channels.l”>7¢ Incorporating cells in the gel solution limits
the parameter space (e.g., gelation temperature, ionic strength,
pH, mechanical strain, or photoinitiator concentration) that can
be used to control matrix properties. Incorporating additional
seeding channels can complicate designs and introduce sources
for bubble formation or clogging that can decrease experimen-
tal yield.[””78] Our microfluidic design simplifies the process of
adding cells to the gels by using a bovine serum albumin (BSA)
passivated polydimethylsiloxane (PDMS) lid that is sealed re-
versibly against a through-cut PDMS sheet that contains the de-
sired channel geometry. The completed channel is comprised of
a glass coverslip on the bottom, PDMS side walls, and a PDMS lid
containing cored access ports. The PDMS lid is peeled off after gel
formation, providing full access to the 3D microengineered col-
lagen matrix.[?] We verified that the fiber microarchitecture was
not disrupted by comparing fiber alignment before and after the
peel off process using CRM. Figure S9, Supporting Information,
shows the change in CoA, ACoA = 0.02 + 0.03, with a maximum
change of 0.06 CoA units.

Our previous work demonstrates that the open access design
allows specialized modules to be attached to the gel layer. These
include permeable cell culture membranes, flow modules, and
gel deposition modules to support layer-by-layer fabrication.!*”]
Here, we add cells directly to the gel or use a second PDMS
sheet containing a patterning aperture reversibly sealed against
the PDMS channel layer to define the location of the added cells.
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Figure 5. Migration characteristics of HUVECs on unaligned, uniformly aligned, and gradient regions. A) Schematic representation of the PDMS lid to
access the engineered hydrogel. Note, the gel is confined to the footprint of channel, and the height is defined by the thickness of the sheet (200 pm).
B) Representative migration tracks of ten randomly selected cells on an unaligned gel are shown in white and 5 cells each in gradient region shown
in red and uniformly aligned are shown in green. Scale bar = 100 pm. C) The FMI,, of cells on unaligned, uniformly aligned and gradient conditions.
Statistical comparison of the data shows cells on the gradient exhibit higher FMI,; than cells on unaligned and uniformly aligned collagen fibers. Data
are presented as box and whisker plots show the median, first and third quartiles, minimum and maximum values (n = 40 cells on unaligned gel, n =
20 cells each for uniformly aligned and gradient regions) compared using one-way ANOVA. D) The migration speed of cells on unaligned, uniformly
aligned and gradient are compared. Statistical comparison of the data show cells on gradient exhibit higher migratory speeds than cells on unaligned
and aligned collagen fibers, while the cells on aligned and unaligned fibers show no differences in speed. Data presented as box and whisker plot show
the median, first and third quartiles, and the minimum and maximum values (n = 40 cells on unaligned gel, n = 20 cells each for gradient and uniformly

aligned region compared using one-way ANOVA. *p < 0.05, ***p < 0.0002,

This cell seeding technique is also compatible with 3D printed or
automated dispensing methods. Thus, our approach combines
the advantages of conventional microfluidic systems but simpli-
fies the operations typically associated with these approaches.

2.5. HUVECs and MDA-MB-231 Cells Migrate Directionally on
Gradient Gels

To begin exploring cell responses on different alignment land-
scapes, we seeded HUVECs (Figure 5A) on a section close to the
entrance of the expansion well that contained regions with uni-
formly aligned (CoA > 0.65) and graded alignment (0.5-0.65), as
shown in Figure 5B. Quantifying cell migration in these two re-
gions allowed us to uniquely compare behavior on graded and
uniform fiber alignment. We tracked randomly selected cells
for 12 h in each region, calculated the Forward Migration In-
dex parallel”! to the direction of alignment (FMI), and then
quantified the corresponding migration velocity. As shown in
Figure 5C, FMI|, in the graded region was statistically larger than
in the uniformly aligned region, and the FMI of the unaligned
control (FMI} ggient = 042 £ 0.1, FMI 0004 = 0.28 + 0.1, and
FMI,tignea = 0.1 0.1, p < 0.05 between groups). The notation
for FMI in the unaligned control is described in the methods sec-
tion. Previous work comparing contact guidance effects between
uniformly aligned and unaligned gels reported that directional-
ity increased on the uniformly aligned gels, but velocity did not
change.l®%1 We found similar trends between these groups, but in-
terestingly, the migration velocity on the graded alignment region
(Veradient = 0-38 £ 0.06 pm min~") was statistically larger than the
uniformly aligned region (V,,eq = 0.32 + 0.08 pm min~") and
unaligned control (V,,jigned = 0.32 £ 0.03 pm min~").

Next, we fit the migration data in each region to a persistent
random walk model®#2] and found that the relative persistence
on the gradient increased by a factor of two compared to the
uniformly aligned region and the unaligned controls. The mi-
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p < 0.0001, ns = not statistically significant).

gration video shows that cells on the aligned and gradient re-
gions (Video S1, Video S2, Supporting Information) migrated
directionally with limited backward motion, while cells on the
unaligned gel exhibited random migration (Video S3 Support-
ing Information). Taken together, our results showed single cells
on alignment gradients exhibited interesting differences in di-
rectionality, speed, and persistence. These findings support our
premise that graded fiber architectures guide cell responses dif-
ferently than uniformly aligned conventionally studied in contact
guidance.

After showing that single cells responded to graded alignment
with enhanced migration behaviors, our next goal was to test
whether fiber alignment gradients could bias migration in aggre-
gated cell populations. To do so, we removed the PDMS lid after
gradient gel formation and replaced it with a PDMS sheet that
contained a circular patterning aperture. An MDA-MB-231 breast
cancer cell aggregate was added to the aperture and allowed to
settle and attach to the gradient gel. Figure 6A shows a represen-
tative image with fluorescently labeled MDA-MB-231 cell aggre-
gate positioned within the footprint of the aperture. Cells at the
left edge of the aperture experienced a CoA > 0.6, while cells at
the right edge experienced a CoA < 0.5. We captured images ev-
ery 24 h and measured the positions of the left (1,) and right (r,)
edges of the cell aggregate. We then constructed an enclosed cell
envelope encompassing the aggregate shape at each time point.
Although this analysis identified a projected area, we confirmed
that cells could migrate into the depth of the collagen gel (Video
S4, Supporting Information).

To assess the relative migration in each direction, we calculated
a biasing metric Q,, which compared the ratio of the change in
the left edge position (Al,) to the difference in the right edge po-
sition (Ar,) between time points. The 1,, and r,, positions were
used as the origin to eliminate any initial bias if the aggregate was
not centered in the aperture after seeding. As shown in Figure 6B,
Q, > 1 indicates biased movement toward the left (increasing
CoA), Q, < 1 indicates movement toward the right (decreasing
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Figure 6. MDA-MB-231 cell patterning and biased migration on graded collagen gels. A) A schematic illustrating the process of patterning cell aggre-
gates through the aperture with a representative image of fluorescently labeled cells patterned on a collagen gel. B) Cell movement was quantified by
constructing an enclosed cell envelope that bounded the aggregate at each time point. The net movement of cells every 24 h was measured by calcu-
lating Q,,, the ratio between the change in position of the left and right edges of the aggregate between successive time points. &, > 1 denotes net
cell movement toward the left, Q, < 1 toward the right, and Q, ~ 1 represents equal cell movement left and right. C) The evolution of the enclosed
cell envelopes (drawn to scale) at 24 (dark purple), 72 (purple), and 120 (light purple) h for unaligned, uniformly alignment, and graded alignment are
shown. The aspect ratio (AR) is the ratio of the length to the width of the enclosed cell envelope. The Q;,5 = 2.6 + 0.6 for the gradient gel shows a
clear tendency of cells to move toward increasing fiber alignment compared to unaligned (Q,y = 1.06 + 0.2) and uniformly aligned gels (€20 = 0.96
+ 0.2). The AR,y for the gradient gel compared to the unaligned gel shows the biased distribution of cells along the direction of alignment. The AR5
for aligned gel indicated a bi-directional spread while the ARy, for the unaligned gel indicated migration in all directions. D) Representative brightfield
images of cells on gradient channels captured at 24 and 120 h from seeding with the fiber alignment increasing toward the left. Cells on the gradient
channel after 120 h show preferential migration toward the left (increasing fiber alignment). Q and AR are presented as mean + SD, n = 3 independent

experiments. Scale bar = 200 um.

CoA), and Q, =~ 1 indicates no preferential directionality. The
length-to-width aspect ratio of the envelope (AR, ) was calculated
at each time point to assess cell distribution , with larger values
of AR, indicating an increased spread along the fibers.

Gradient gel behavior was compared to corresponding re-
sponses using unaligned (CoA < 0.5) and uniformly aligned gels
(CoA > 0.65). To visualize the migratory behavior, we present the
evolution of the enclosed cell envelopes over the duration of the
experiment (Figure 6C and Figure S11, Supporting Information).
Cells on graded alignment exhibited Q,,, = 2.6 + 0.6, which in-
dicated a directionally biased migration toward increasing align-
ment. This was statistically larger (p < 0.002) than both the con-
trol conditions, where Q,,, & 1 (unaligned Q,,, = 1.06 + 0.2 and
uniformly aligned Q,,, = 0.96 + 0.2) (Figure S12, Supporting In-
formation). The Q,,, values for both indicated no left-to-right bi-
asing, but the enclosed cell envelopes appeared quite different.
These differences were quantified using the aspect ratio AR,,,.
In the uniformly aligned condition, the aspect ratio of 2.12 + 0.1
indicated bi-directional migration, with cells equally distributed
along the axis of alignment. Conversely, in the unaligned condi-
tions AR,,, = 1.09 = 0.1 and represented random walk behavior
with equal migration in all directions (Figure S12, Supporting In-
formation). Figure 6D shows the bright field images of cells on
the fiber alignment gradient 24 and 120 h after seeding.
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The results presented here represent the first report of engi-
neered fiber alignment gradients in soft biomaterials combined
with a direct comparison of cell responses on graded and uni-
formly aligned architectures. Our data on single HUVEC and
aggregated MDA-MB-231 responses provided evidence that the
cells migrated more directionally on the subtly graded architec-
ture and exhibited bi-directional migration on uniformly aligned
gels. These findings were consistent with classical taxis cues
where a spatially graded signal elicits a more potent response
than a homogeneous presentation.[3262]

Although contact guidance has been studied in several con-
texts, the mechanism that promotes directional migration in the
absence of an intrinsic asymmetry in the signal (e.g., no preferred
directionality along the aligned fibers) is not entirely understood.
One explanation is based on the anisotropic mechanical resis-
tance hypothesis that explored the migration of dermal fibrob-
lasts in fibrin gels that contained uniform fiber alignment with
constant adhesion strength and porosity.””] Crosslinked and stiff-
ened gels exhibited anisotropy in mechanical resistance along
and perpendicular to the fiber direction that could be sensed by
the cells. One possible explanation for the observed behavior on
graded fibers is that filopodia probing the substrate in the di-
rection of increasing alignment matured and grew more than
those sampling lower alignment regions, thereby polarizing the
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cells in the direction of increasing alignment.®%%3] The open ac-
cess design and cell patterning features of our platform can allow
a more detailed understanding of the molecular underpinnings
that drive differences in behavior between graded and uniform
contact guidance cues.

An additional strength of our platform lies in the simplic-
ity of the geometry-based biofabrication approach, which does
not require specialized equipment. The microfluidic device can
be made using a laser cutter and soft lithography techniques.
The basic constricting and expanding channel design provides
a straightforward and accessible approach to achieve controlled
fiber alignment gradients. We anticipate this operationally sim-
ple design approach will allow other research laboratories to in-
vestigate the role of alignment gradients in contact guidance,
with broad relevance to tumor invasion, angiogenesis, and im-
mune trafficking.

One limitation of our platform is that the thickness of the mi-
croengineered gel is defined by the height of the flow channel
(~200 pm). With an increase in channel height, faster input flow
rates are required to generate the extensional flow characteris-
tics to create graded alignment. These faster flow rates can cause
device failure near the constriction and serve as a practical limit
on the achievable height of the engineered collagen gels. This
issue can be addressed using our layer-by-layer fabrication tech-
nique that allows collagen layers to be added without disrupting
the underlying structures!*’! and allows multiple gel materials to
be introduced.

3. Conclusion

This work introduces a simple geometry-based microfluidic ap-
proach toengineer tunable sub-millimeter to millimeter scale
fiber alignment gradients within a 3D collagen-based material
library for the first time. Our reversibly sealed channel design
allows direct access to the microengineered gels and enables
controlled cell patterning at defined locations, facilitating di-
rected migration studies in graded fiber alignment landscapes.
We provide new evidence that single HUVECs and patterned
MDA-MB-231 aggregates respond to subtle gradients in fiber
alignment with biased migration toward increasing fiber align-
ment. We anticipate that this first-of-its-kind biofabrication tech-
nique to engineer alignment gradients will enable new stud-
ies to explore how different cell populations interpret com-
plex fiber architectures and shed new light on contact guidance
cues.

4. Experimental Section

Banked Patient Samples and Second Harmonic Generation Imaging:
This work imaged tumor-stroma interface in biopsy samples of triple-
negative breast cancer (TNBC) patients with Second Harmonic Genera-
tion (SHG) imaging. These patients were identified from the pathology
files at the University of Rochester Medical Center (URMC), spanning
2009-2020. The use of patient samples was approved by the Institutional
Review Board at the University of Rochester (IRB RSRB00069270).

To image the collagen fibers in the TME, this work used a Spectra-
physics MaiTai Ti:Sapphire laser directed through an Olympus Fluoview
FV300 scanner and a BX61WI upright microscope. The laser’s circular
polarization was confirmed to ensure equal excitation of all fiber orien-
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tations. The laser was focused through an Olympus UMPLFL20XW water-
immersion lens, which also collected the backward-scattered SHG signal.
This signal was separated from the excitation beam, filtered, and detected
by a photomultiplier tube. The forward scattered SHG signal was collected
by an Olympus 0.9 NA condenser, reflected, filtered, and detected by an-
other photomultiplier tube. We collected 512 X 512 pixel images as a Z-
stackin 3 um steps and then maximum-intensity projected to form a single
forward-detected image. The fiber alignment in a forward detected image
was assessed by dividing the image into 200 x 200 pum regions and calcu-
lating the coefficient of alignment (CoA) for each. CoA values can range
from 0.25 to 1, representing low to high fiber alignment, with a value of
0.5 serving as the threshold for alignment.

Resealable Microchannel Fabrication: A mold was first created using
standard soft lithography techniques.[204%84] Briefly, a negative photore-
sist, SU-8 3050 (Kayaku Advanced Materials, MA, USA), was spin-coated
on a 100 mm diameter silicon wafer (University Wafers, MA, USA) to a
thickness of 200 pm. The spin-coated height (200 um) defined the height
of the microchannel. The photoresist was then soft-baked at 95 °C for 60
min, followed by exposure to 365 nm UV (250 m) cm~2) through a high-
resolution printed photomask. The wafer was baked at 95 °C for 5 min,
cooled to room temperature, and immersed in a SU-8 developer solution
to remove the non-crosslinked photoresist. The wafer was then rinsed with
isopropanol and dried under pressurized air.

The PDMS base and crosslinker (Sylgard 184, Dow Corning, Midland
USA) were mixed in a 10:1 ratio and degassed the mixture in a vacuum
chamber for 30 min to remove bubbles. The degassed PDMS was poured
on the silicone mold and created a stack consisting of a transparency
sheet, a metal plate, and a 6 kg mass. The mass pushed excess PDMS away
from the SU-8 features and created a through-cut channel geometry, with
a height of the feature defined by the SU-8. The stack was cured at 80 °C
for 1 h on a hotplate. After cooling to room temperature, the transparency
sheet was carefully removed from the mold. The through-cut PDMS sheet
was then peeled from the mold and inspected. The PDMS was cut into
individual sections and cleaned with 70% ethanol solution and DI water.
The through-cut PDMS sheet was treated with air plasma on one side and
bonded to a glass coverslip to form a microchannel with 200 um height. A
PDMS lid with ports for injecting collagen was sealed against the PDMS
channel footprint using conformal contact. This process results in the for-
mation of a 3D collagen gel defined by the height of the channel. Here,
channel height was 200 um.

To fabricate PDMS lids, lid shapes were laser cut into 1.5 mm thick
acrylic sheets and attached to a silicon wafer using pressure sensitive ad-
hesive (PSA, 3M, MN, USA) film, yielding six square-shaped cavities, each
having 20 mm sides and a 1.5 mm depth. Following this, the silicon mold
was filled with degassed PDMS, allowing us to create lids of 1.5 mm thick-
ness. The silicon mold was then heated at 80 °C for 1 h, allowing it to cool
to room temperature. To finish, the lids were removed from the mold and
cleaned using a 70% ethanol solution. The clean lids were then stored with
protective tape applied to both faces.

Coverslip Functionalization and PDMS Passivation:  To enhance the at-
tachment of collagen to the coverslip, this work functionalized cover-
slips with poly(octadecene maleic alt-1-anhydride) (POMA) using es-
tablished protocols.[203586] Briefly, the coverslips were cleaned with
70% ethanol and dried under a pressurized air stream. The coverslips
were then exposed to O, plasma for 1 min at 600 mTorr (Harrick
Plasma, NY, USA) to activate their surface. Next, the coverslips were
immersed in a 2% v/v solution of aminopropyltriethoxysilane (APTES)
(Millipore Sigma, MA, USA) and placed on a rocker for 5 min. Following
this step, the coverslips were rinsed with ethanol, dried under pressur-
ized air, and baked on a hot plate for 10 min at 110 °C. The POMA solu-
tion was prepared by dissolving poly(octadecene maleic alt-1-anhydride)
(Millipore Sigma, MA, USA) in 99.9% tetrahydrofuran (Millipore Sigma,
MA, USA), and the coverslips were spin-coated with this solution. Fi-
nally, the POMA-coated coverslips were placed on a hot plate for 1 h at
120 °C.

To prevent the unwanted attachment of collagen to the PDMS lid, the
surfaces were passivated by immersing them in 4% w/v Bovine Serum
Albumin (BSA) in 1x PBS for 4 h at 4 °C. The PDMS lids were rinsed 3x
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with phosphate buffered saline (PBS), air dried, and stored in a closed
Petri dish until use.

Collagen Solution Preparation and Injection: Atelo collagen: A total of
416 pL of bovine atelo Type | collagen solution (Neutragen, Advanced
Biomatrix, CA, USA) was diluted with 429 pL of ultra-pure water, 55 uL of
0.1 M Sodium hydroxide (VWR, PA, USA), and 100 pL of 10X phosphate-
buffered solution (ThermoFisher Scientific, MA, USA) to achieve a fi-
nal collagen concentration of 2.5 mg mL~'. The pH of the neutralized
collagen solution was adjusted to 8.7-9.2 using 0.1 M NaOH and mea-
sured with a pH probe (A511 Orion Star, ThermoFisher, USA) after each
preparation.

Methacrylated collagen: Photoactive methacrylated Type | Bovine Telo
collagen kit was purchased from Advanced Biomatrix (Neutragen, Ad-
vanced Biomatrix, CA, USA). A 3 mg mL~" collagen stock solution was
mixed with the neutralizing solution and the photoinitiator Irgacure 2959
to achieved a final collagen concentration of 2.7 mg mL~" following the
recommended protocol, resulting in a pH between 7.4 and 7.6. After poly-
merizing the collagen mixture, we crosslinked the collagen hydrogel by
exposing the device to 365 nm UV light at 10 mW cm~2 for 275 s.

A syringe pump (New Era Pump Systems, NY, USA) was used to inject
neutralized collagen solution into PDMS microchannels in two phases.
During the first phase, collagen was injected into port 1 at a flow rate of
500 nL min~' using a 20-gauge dispensing needle (Grainger Industrial
Supply, IL, USA) while all ports were open. Preloading the channel with
collagen prevented air bubbles from forming during the next step. In the
second phase, ports 2 and 4 were closed, and collagen was injected at
varying flow rates (Q = 10, 100, and 500 uL min~") from port 1 to port
4. The injections were conducted at room temperature (21 °C). The chip
was then incubated in a petri dish at 37 °C for 1 h to facilitate collagen
polymerization. A damp Kim wipe (Kimtech, Kemberly-Clark Professional,
TX, USA) was placed in the petri dish to prevent evaporation.

Microparticle Image Velocimetry: Microparticle image velocimetry
(UPIV) to measure the velocity of the neutralized collagen solution. The
measurements were performed using a Nikon Eclipse TE2000-S micro-
scope equipped with a pulsed laser (TSI Incorporated, MN, USA). A mix-
ture of 2.7 mg mL™" of neutralized collagen solution and 5 um fluorescent
polystyrene latex particles (0.1% w/v) (Magsphere, CA, USA) were injected
at Q = 500, 100, and 10 uL min~" from the inlet of the microfluidic chip
using a syringe pump. To obtain the PIV data, this work performed mea-
surements on three independent samples in three different regions. This
work analyzed ten pairs of images, captured at 10 ps intervals within a
700 X 700 um region centered on the microchannels. The velocity of the
neutralized collagen solution was calculated using TSI Insight 4G software
(TSI, MN, USA).

Confocal Imaging and Analysis of Collagen Fibers:  This work used a Le-
ica SP5 laser scanning confocal microscope equipped with a 40x water im-
mersion objective and 1.75x optical zoom to image collagen fibers. This
work captured 2 pm image stacks consisting of 13 images at z = 30 um
from the coverslip. Collagen fibers were imaged in reflectance mode using
a 488 nm laser. To analyze the images, the image slices were projected
onto a single plane using the average projection feature in Fiji (NIH, USA)
before analysis.

Olympus 1X-81 microscope with a 4x objective was used for cell pat-
terning imaging. This work used the Leica SP5 microscope with a 20x ob-
jective and an incubated stage with temperature and gas control to con-
duct the migration experiment. This work loaded the coverslips containing
the gradient channels and patterned cells onto a 6-well plate and placed
them on the microscope stage. The 6-well plate was incubated on the mi-
croscope stage for 1 h before starting imaging.

This work analyzed confocal reflectance microscopy images using LOCI
CT-FIRE, a MATLAB-based code,[®”] to measure fiber alignment. This work
obtained a histogram of fiber angle distribution in 15° bins for each im-
age and calculated the coefficient of alignment (CoA) as the ratio of the
number of fibers within £15° of the mode on the histogram to the to-
tal number of fibers. A CoA > 0.5 indicated aligned fibers, and CoA <
0.5 indicated unaligned fiber arrangement. These methods allowed us
to accurately measure fiber alignment and assess cell migration in our
experiments.

Adv. Funct. Mater. 2024, 34, 2308071 2308071 (9 of 12)

www.afm-journal.de

Pore Diameter, Fiber Density, and Cell Motility Characterization: To an-
alyze the pore characteristics of our gels, this work employed a method
previously described by Taufalele et al.l>®] The initial step involved project-
ing an image stack onto a single plane. These images measured 221.64 x
221.64 microns in the x and y directions, with a pixel um~" ratio of 4.623.
In this case, each z-stack consisted of 13 slices, which were projected onto
a single plane using the average projection in Fiji. The projection was im-
ported to MATLAB, the Erode Cutoff was set to one, and a top-hat filter
was applied to adjust contrast. The projected image was binarized to de-
termine the fiber fraction, and a ratio of bright pixels to total pixels was
calculated and reported as the fiber fraction for each group of images cor-
responding to the high, medium, and low CoA categories.

To track the migration of the cell front, the 2024 x 2024 cell aggregate
microscope image was first cropped to a 1734 x 1024 image that included
the cell-containing region, using Fiji. All images were then aligned using
a translating function so that the center point of the patterning aperture
coincided across all images. To align images in the aligned and unaligned
controls channel feature across the images was used as reference. Next,
a grid was established across the aligned images to measure the cell dis-
tance to the left and right. To identify the cells within the image, a 3 X
3 second derivative convolution filter was applied, which helped subtract
the patterning aperture from the image. Next, a variance filter with a 2-pixel
radius was used to enhance the contrast between cells and their surround-
ings, improving the tracking of the cell front. Finally, the resultant image
was converted into a binary black and white frame (enclosed area) using
the Fiji Otsu threshold filter, allowing us to calculate the distance of both
cell fronts from the previously marked center point.

Nanoindentation: As described previously,[°! collagen was injected
into step channels, allowed to polymerize, and then exposed to UV to
crosslink the gel. Confocal imaging was then used to characterize CoA.
To measure the local stiffness, a nanointentor (Optics11 Piuma) with a
27 um spherical probe was used to collect force displacement curves fit to
the Hertz contact model using 20 points over a 2 mm matrix scan, with a
reading every 100 um in aligned (CoA = 0.6 + 0.02) and unaligned (CoA =
0.4 + 0.02) gels (n = 3). The average values from 20 data points in three
independent gels (aligned and unaligned) were used to compare values.

Cell Culture and Cell Aggregate Formation: MDA-MB-231 cells (ATCC,
VA, USA) were cultured in DMEM (Gibco, ThermoFisher, MA, USA) sup-
plemented with 10% Fetal Bovine Serum (FBS). Human Umbilical Vein
Endothelial Cells (HUVECs) (ATCC, VA, USA) were cultured in Endothelial
Cell Basal Medium (EBM) supplemented with the Endothelial Growth Me-
dia kit (EGM-2) (CC-3162, Lonza, Basel, Switzerland). All cells were main-
tained at 37 °C and 5% CO2 and used between passage number 3—7. The
suspended cells after passaging were mixed with methylcellulose to get a
final concentration of 20% methylcellulose (M0512, Sigma Aldrich, MO,
USA) in the media by volume. Loose MDA-MB-231 cell aggregates were
formed using a hanging drop method by adding 2000 cells per drop into an
untreated 1-well plate and incubated at 37 °C for 2 days. The resulting cell
aggregates were then labeled with CMRA cell tracker dye (ThermoFisher,
MA, USA) or unlabeled.

Cell Tracking and Analysis: 40 cells for the unaligned collagen and 20
cells each for aligned and gradient conditions were manually tracked us-
ing TrackMate in Fiji to generate x and y coordinates for each cell for all
frames. In the uniformly aligned region (Figure 5B), although the fibers
are aligned, they are at a 30° angle due to the constriction. To account for
this, the frames were rotated 30° in the anti-clockwise direction to make
the fiber alignment direction consistent (same fiber alignment direction as
the gradient). Next, the directional migration of cells on the three condi-
tions was assessed by the Chemotaxis and Migration Tool (Ibidi, BY, Ger-
many). The Forward migration index (FMI) parallel and perpendicular to
the alignment direction, along with the velocity of the individual cell, was
calculated (Figure S10, Supporting Information). For the unaligned condi-
tion, there is no principal axis that is perpendicular or parallel for migra-
tion. For consistency of notation with the other two conditions, the y-axis
is the direction for parallel migration and the x-axis as the migration di-
rection perpendicular to alignment. As shown in Figure S10, Supporting
Information, there is no difference in FMI for cells on the unaligned condi-
tion between the two axes. Next, this work tracked the time for which the

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

0 pue suwd 1, 34} 99 “[70/80/0€] U0 A1eaqry autuQ A1 “SIELFY OIUIPELIY SILLIQUT I AQ [L0SOETOTWIPE/Z00 10 1/10p/wod Kajim reaqujaur[uoy/:sdiy wioxy papeojusmoq ‘€1 ‘420 ‘$T0€9I191

sdyy) suony

w00 Ko’

QSUAOI SUOWIWO)) AANEAI) d[qearjdde oy Aq pauIdA0S o1e SA[OIIE () SN JO SN 10§ AIRIQIT dUIUQ) AI[IA UO (§


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

FUNCTIONAL

www.advancedsciencenews.com

cell continued to travel in a particular direction before changing by per-
sistent random walk model, as shown by Wu and coworkers.[81:82] This
model allowed the calculation of the persistence time for individual cells
based on their tracked x and y coordinates by fitting the position and time
point data of individual cells to the persistent random walkmodel.

Cell Patterning:  After collagen gel formation, the functionalized PDMS
lids were carefully peeled away, and 500 pL of media was added to the col-
lagen gel, which was then placed in an incubator overnight. Following in-
cubation, the excess liquid was removed from the collagen surface, and a
200 um thick PDMS sheet containing a laser cut 500 um diameter pattern-
ing aperture was positioned on the collagen, providing direct access to a
defined region of the gel.

To pattern a cell aggregate, the aggregate was removed from a non-
treated U-shaped bottom plate using a sterile spatula and added to the
patterning aperture, settling on the collagen gel within the aperture foot-
print.

Cell Labeling and Immunostaining: CMRA cell tracker dye (Ther-
moFisher Scientific, MA, USA) was diluted to a concentration of 25 um
in cell media and added to the culture flask to enable live tracking of cells.
The cells were incubated with the dye for 30 min, followed by replacing the
media containing the CMRA stain with a culture medium.

For immunostaining, the cells were fixed with 4% paraformaldehyde
(ThermoFisher Scientific, MA, USA) and permeabilized with 0.1% Triton X-
100 ()63521, Alfa Aesar, MA, USA) for 15 min. The permeabilized cells were
then blocked with 4% Bovine Serum Albumin (BSA) (VWR, PA, USA) for
30 min, and each step was followed by washing the cells with PBS Tween
20 (ThermoFisher Scientific, MA, USA).

Statistical Analysis:  In multi-comparison analysis, this work assessed
normality using the Shapiro-Wilk test (n < 50). We selected the appropri-
ate test for multiple comparisons depending on whether the data was nor-
mally distributed and if variances were equal. Standard one-way ANOVA
was used for normally distributed; non-parametric Kruskal-Wallis for non-
normal distributions; and Brown-Forsythe/Welch’s ANOVA for data with
unequal variances. Post hoc tests were used to determine differences be-
tween sample groups. For direct comparisons between two groups, we
chose a parametric or a non-parametric t-test, based on the normality
results from the Shapiro-Wilk test. A p-value less than 0.05 was consid-
ered statistically significant. All statistical analyses were performed using
GraphPad Prism 9.0 software (GraphPad Software, CA, USA). ns = not
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