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Abstract

Cancer metastasis, the dissemination of cancer
cells from the primary tumor site to distal
organs in the body, is one of the leading causes
of cancer-related deaths globally. It is now
appreciated that metastatic cells take advan-
tage of specific features of surrounding fibrous
extracellular matrix that favors invasion. How-
ever, the exact contributions of the role of
fiber feature size, orientation, and organization
remain only partially described. Here using
non-electrospinning Spinneret based Tunable
Engineered Parameters (STEP) fiber platform,
we detail our quantitative findings over the
past decade on cancer cell behavior in envi-
ronments of controlled fiber dimensions, ori-
entation, and hierarchy that can mimic es-
sential features of native ECM. We present a
biophysical model of invasion along aligned
fibers that starts with cells forming protrusions
followed by invasion of cells from a mono-
layer in single, multi-cell chain and collective
modes. Using a mismatch of fiber diameters,
we describe a new method to protrutype single
protrusions and describe migratory behavior
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of cells in different shapes. Altogether, control
over fiber geometry and network architec-
ture enables the STEP platform to unlock a
new paradigm in the interrogation of the fun-
damental biophysical mechanisms underlying
the migratory journey of cells during cancer
metastasis.
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14.1 Introduction

Cancer metastasis is responsible for 90% of can-
cer deaths in the United States [1]. Cancer metas-
tasis has been primarily attributed to cancer cells
that are able to evade the normal cell-cell junction
regulatory system and migrate away from the
primary tumor mass, a process often described
as epithelial-mesenchymal transition (EMT) [2].
It is well known that during this switch, stable
cell-cell junctions and apico-basal polarity are
lost, while migratory behavior is enhanced [3,
4]. Upon losing cell-cell contacts, the migratory
cells (leader cells) are the pathfinders thought to
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Fig. 14.1 Invasive
extracellular matrices
(ECM) differ in structure
from noninvasive ECMs.
Multiphoton second
harmonic generation
visualization of collagen
fibers in mouse tumors of
(a) noninvasive carcinoma
in situ (CIS), a noninvasive
early breast carcinoma; (b)
invasive ductal carcinoma
(IDC) with metastases.
Scale bar = 50 wm. Note

Non-invasive ECM
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that the presence of
metastases is associated
with bundled, straightened
collagen fibers. (¢, d) The
same images as a and b,
with fibers of different
widths indicated by
different-sized red lines.
Image courtesy of Keely
Lab (Wisconsin)

be responsible for secreting matrix metallopro-
teinases (MMP) that cleave the surrounding ex-
tracellular matrix (ECM) to make way for the mi-
grating population of follower cells. The leader
cells rely on their ability to generate protrusions
and exert cellular forces necessary for migration,
thus, allowing them to biophysically probe the
ECM surrounding the tumor. Cancer cells likely
take advantage of the aligned fibrous ECM as
they have been observed in vivo to move at high
speeds for long distances along linear ECM fibers
[5-7]. Aligned fiber networks would provide the
leader cell with the quickest route through the
stroma. Indeed, biopsy samples from breast can-
cer patients exhibit distinct patterns of perpen-
dicularly aligned collagen fibers, termed tumor-
associated collagen signatures (TACS), which
are associated with a threefold increased risk of
relapse or death for patients [8—11] (Fig. 14.1).
Moreover, leader cells obtain extracellular bio-
chemical signals from tumor-associated cells in-
cluding fibroblasts and macrophages that likely
contribute to their migratory phenotype [12—14].

Most of what we know in cell migration
stems from studies conducted either on 2D
flat or in 3D gel environments, with a focus

on elucidating the role of elastic modulus of
the environment on migration. Through these
studies, it is now well known that cell migration
is a highly orchestrated cascade of events which
starts from sensing the environment through
filopodia and then proceeds to cell polarization
through formation of stable adhesions in the
lamellipodia, followed by translocation of cell
body through establishment of actomyosin-
based contractile tensional forces [15-17]. At
the molecular level, these studies have shown
the spatiotemporal localization and importance
of small guanosine triphosphate (GTP)-binding
proteins (RhoGTPases), Cdc42, Racl, and RhoA
in achieving directed cell migration [17-20].
However, recent studies point to differences
between 2D and 3D systems, which result in
changes in cell morphology, arrangement of
cytoskeleton machinery including RhoGTPases,
and altered migratory behavior [21-23]. Adding
to the complexity, even within 3D systems, cells
exhibit elastic modulus-based distinct modes
of migration with non-polarized (lobopodia)
and polarized (lamellipodia) cross talk and
localization of RhoGTPases [19]. Thus, not
surprisingly, in a recent commentary by experts
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on cell migration [24], it was noted that within
the current platforms in practice today, there
are generally no accepted methods to cross-
validate the findings and compare them with in
vivo studies. Furthermore, given the complexity
of ECM and limited imaging data available, it
has been difficult to achieve a consensus on
physiological relevance of in vitro systems, as
the experts noted that there are fundamental
knowledge gaps in ECM architecture, its
properties, and constitutive fibril sizes. However,
the experts agreed unanimously upon the need
to advance development of more relevant 3D
in vitro systems capable of providing cells with
accurate and deterministic biophysical fibrillar
dimensions, arrangement, and orientations
mimicking the native ECM.

14.2 Extracellular Matrix
Environment

Cell migration is crucial in developmental, repair,
and disease biology [15, 24, 25]. In the context
of cancer, it is well appreciated that migration-
driven metastasis is more likely to lead to patient
death than the primary tumor. Metastasis can
represent a very early event in tumor progression,
but because micrometastases are not readily
imaged due to the complexity of the ECM, the
presence of metastases often is not appreciated
until much later in the treatment regimen.
ECM is a complicated three-dimensional
fibrous biopolymer network embedded in a
viscous macromolecular gel [26-28], which
can be categorized into two major types: the
fibrous connective interstitial [7] matrix and the

densely packed basement membrane pericellular
matrix [29]. In the context of fibrous ECM,
fibrillar collagens [30] and elastin have been
identified as the major components contributing
to ECM tracks. These fibrous proteins are
supplemented by a macromolecular network
of hydrophilic and acidic components like
proteoglycans, hyaluronic acid, etc., which are
capable of sequestering water and forming a
viscous gel around the fibrous network [30].
The major varieties of the fibrillar collagens
include collagen types I, II, III, V, XII,
XXIV, and XXVII. Within the ECM, both
collagen and elastin exist either as fibrils or
fibers, and their structural units are termed
tropocollagen and tropoelastin, respectively [31].
In vivo imaging of fibrous ECM using second
harmonic generation (SHG), third harmonic
generation (THG), multiphoton microscopy, and
electron microscopy has revealed a complex
hierarchical network of fibers (Table 14.1) [32—
36], which is comprised of individual fibers
(30-70 nm diameter) that can form bundles
(100 nm-microns in diameter) [6, 7, 33, 37—
40]. Furthermore, these bundles of fibers can
be aligned or seemingly randomly distributed in
vivo [11, 16, 21, 41].

14.3 Fiber Manufacturing
Techniques

Cells in the native environment have to navi-
gate through stromal (dense and loose connective
tissue) and tightly packed basement membrane.
The 50-200 nm thick basement membrane sur-
rounds most epithelial cells and vasculature and

Table 14.1 Physical properties of the major classes of ECM fibers

ECM-fiber type | Diameter

Collagen fibers 30-100 nm for fibrils [39], 1-20 wm [39] for
fibers/fiber bundles

Elastin fibers 100-200 nm [39] for fibrils,0.3-2 pm [45] for
fibers/fiber bundles

Reticular fibers | 20—40 nm [39] fibrils made of collagen mostly

Fibronectin fibers | 10-1000 nm [46—48]

Elastic modulus

1.2 GPa [42, 43] for mammalian tendon
collagen, 100-360 MPa [44] for rat tail
collagen type I fibers

~0.2—-1 MPa [43], depending on ECM type

N/A
~1 MPa [48, 49]
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provides architectural support around which cells
attach having basal to apical polarity suggestive
of 2D surface. Stromal ECM environment, on the
other hand, is composed of nanofibrous natural
proteins occurring as small fibrils. Thus, cell
interactions on or within ECM can be categorized
in two ways: cells stretching over and interact-
ing with the whole mesh, representative of bulk
behavior, or cells interacting with the fibrils or
bundles of fibers that make up the bulk structure.
Therefore, in vitro models mimicking ECM need
to account for both the elastic modulus (N/m?) of
the whole mesh and the bending stiffness (N/m)
of individual ECM fibrils of varying diameters
[50, 51]. In vivo, the tissue architecture varies
considerably, and optimal fibrous diameter and
pore size result in efficient migration (persistent
migration at high speeds). For example, with
large number of contacts (low pore size), the cells
sense confinement and reduce the migration rate,
whereas in environments with large pore sizes,
cells make contact with only single fibers, which
leads to less cell-fiber contacts causing cells to
move more slowly [16, 23, 51-53]. Thus, it is
vitally important to engineer in vitro fiber assays
to capture cell-fiber interactions and resultant
migration in a repeatable and controlled manner.

Since fibrous ECM can be heterogeneous or
anisotropic, cells migrating on fibrillar geome-
tries make focal contacts based upon the density
and local arrangement of fibers, which leads to
altered behaviors [68-76]. Thus, fiber manufac-
turing platforms need to be capable of deposit-
ing fibers hierarchically in multiple layers with
repeatable control on diameter, orientation, and
interfiber spacing. Furthermore, they should be
able to spin fibers of a wide variety of poly-
mers: synthetic, biocompatible, and native pro-
teins. Fortunately, a number of nanofiber man-
ufacturing methods are now available to mimic
ECM fibers (Table 14.2).

Of all the reported techniques for biological
nanofiber manufacturing, electrospinning is ar-
guably the most popular process, which allows
for the continuous production of fibers ranging
from tens of nanometer to a few microns in di-
ameter [77-82]. In this process, polymer solution
is pumped through a syringe to a needle where
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an electrical charge extrudes polymer fibers onto
a collecting target [54, 56, 83-85]. With the
realization that electrospinning could produce
fibers with diameters on the order of those in
native tissue, the bioengineering community has
seen rapid growth in the use and improvement
of electrospinning technique to achieve higher
degree of alignment and spatial organization.
Howeyver, due to the inherent electric instabilities
of the electrospinning process, a high degree of
parallelism, control on diameter, and the spacing
between fibers is difficult to control in multiple
layers, which restrict the scope to which cell-
fiber interactions can be investigated using elec-
trospinning methods [54, 86-90]. Furthermore,
since the jet path of the extruded filament is
influenced by the externally applied electric field,
the use of multiple nozzles in the same setup
has been limited due to mutual Coulombic inter-
actions, resulting in nonuniform nonwoven mats
[91-98]. Some of the recent advancements in this
respect include far-field electrospinning (FFES)
and near-field electrospinning (NFES) [58, 61,
82, 99—CR109]. In FFES, aligned fibers are gen-
erated by using a high-speed rotating drum acting
as a collector in place of a stationary target
[107], wheel-like bobbin collector [99, 109], and
patterned electrodes [108] or by modifications
to the electric source including using biased AC
potentials or an auxiliary counter electrode [82,
100]. On the other hand, NFES has demonstrated
improved fiber patterning through reduction of
applied voltage and the source-to-target distance
[57, 61].

In order to achieve higher consistency and
control in fiber diameter and alignment, Brown
et al. (2011) [59] introduced the direct write
melt electrospinning approach, where instead of
electrospinning polymer solutions as performed
in conventional electrospinning techniques,
polymer melts at elevated temperature (~70—
90 °C) were electrospun. In addition, a
significantly lower tip-to-collector distance was
used to ensure minimal spread of the extruded
polymer fibers. While this approach is able
to produce 3D fibrous matrices in various
hierarchical architectures with a good degree
of fiber alignment, the reported fiber diameters
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Table 14.2 Key hallmarks of different fiber spinning techniques

Characteristics/advantages

Mass production of fibers spun
from a wide range of polymers.

Aligned fibers as compared to
conventional electrospinning due
to lower electric fields and
source-to-target distances

Aligned fiber networks from a
wide range of polymers

High throughput of fiber
production from a wide range of

Portable setup and sufficiently
high throughput of aligned

Fabrication of aligned arrays of
micro-/nanofibers with sufficient

Aligned nanofibers with precisely

Major
mechanism of | Diameter
Fabrication fiber range of
method fabrication fibers
Conventional | Electric field | <50-
electrospin- (~10-30kV) | 10,000 nm
ning
[54-56]
Near-field Electric field | 50-2500 nm
electrospin- (~0.2-
ning (NFES) | 1.8kV)
[57, 58]
involved
Direct write Electric field | 1040 um
melt electro- | coupled with
spinning [59, | high
60] temperature
Rotary jet Centrifugal 425-
spinning [61, | force (up to 1600 nm
62] 75,000 RPM) polymers
Pull spinning | Axial/rotational 200—
[63] stretch (up to | 1500 nm
45,000 RPM) nanofibers
Direct Mechanical 50—
drawing [64] | drawing from | 20,000 nm
solution precision
droplet
Spinneret Pseudo dry <50—
based Tunable | spinning 10,000 nm

Engineered
Parameters
(STEP)
[65-68]

tunable diameter, spacing, and
orientation
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Disadvantages

Presence of a high-voltage
electric source results in poor
alignment of fibers and
widespread in fiber diameters

Low output compared to
conventional electrospinning
processes, short source-to-target
distance hampers fiber
solidification

Very large fiber diameters
(~20 pm), thus essentially
microfibers, not suitable for
mimicking native ECM

Poor control in fiber diameter
and restricted to only uniaxial
arrays within a ring shaped fiber
construct

Poor control over fiber spacing

Limited to sequential approach
and precise silicon tip arrays
essential for fiber fabrication
and deposition

Repeatable production of
large-diameter (>10 pm) fibers
has not yet been investigated
using the current version of
STEP

are large (typical fiber diameter ~20 um),
and extension to nanofibers remains to be
demonstrated.

Since decreasing voltage enhances fiber de-
position capabilities, several approaches have re-
moved the electric component entirely. For in-
stance, Badrossamay et al. (2010) [61] demon-
strated the rotary jet spinning [110, 111] ap-
proach, where, instead of an electric source, cen-
trifugal forces associated with the rotation of a
perforated polymer solution reservoir were uti-
lized to extrude polymer nanofibers. Continuous,
bead-free nanofibers were obtained at very high
rotational speeds (~12,000 RPM) of the perfo-
rated reservoir. Pull spinning [112, 113] is an-
other very recent technique demonstrated by De-

ravi et al., in which devoid of any electric source
is able to achieve moderate success in aligning
fibers but still lacks control in interfiber spacing.
Similar to rotary jet spinning, this approach also
utilizes a rotating component for fiber generation.
However, instead of an entire rotating perfo-
rated reservoir of the polymer solution, a high-
speed rotating bristle pulls a polymer droplet
into a nanofiber, mainly by the action of the
axial stretching forces associated with the bristle
rotation. Similarly, another non-electrospinning
technique, direct drawing, uses polymer wetted
probe tips for precise fiber deposition [64, 114,
115]. Though direct drawing is able to achieve
high control on fiber spacing, alignment, and
orientation, it remains a sequential technique.
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Fig. 14.2 Spinneret based Tunable Engineered Parame-
ters (STEP) fabrication platform. (a) Sequential method:
(i) schematic of fiber formation and (ii) representative
SEM images of single- and double-layer fibers of the
same and different diameters [116]. (b) Continuous high-
throughput methods: (i) schematic of fiber formation, (ii)

Although some of these novel fiber spinning
techniques are capable of producing fiber arrays
with a fair degree of alignment, they still lack
the ability to control fiber dimensions mimick-
ing a wide range of diameters as observed in
native ECM (sub 100 nm-microns) and spatial
layouts, which is critical to investigate single-
and multicell behavior in a repeatable manner. In
this regard, Nain et al. have pioneered Spinneret
based Tunable Engineered Parameters (STEP)
technique, which does not require the use of
an electric source in fiber fabrication process;
rather it relies on a physical pull of a single
fiber filament from the extruded droplet from
a spinneret in both continuous and sequential

arrays of fibers in single and double layers with varying
spacing and orientation, and (iii) hierarchical assembly
of a six-layer network of fibers of varying polymers
deposited in each layer with varying unit-cell spacing
and diameters [66]. (¢) Achieving control on cell shape
with depositing fibers at varying angles in multiple layers.
Scale bar is 20 wm

fiber deposition approaches (Fig. 14.2) [65-68].
For sequential approach, single suspended fibers
are drawn using a movable probe and fixed-
fixed boundary conditions lead to formation of
“bridge” structures (Fig. 14.2a) [116]. For con-
tinuous approach, polymer solution is pumped
through a spinneret (probe) and forms a pen-
dent droplet. A rotating substrate contacts the
droplet and pulls out solution filaments, which
after solvent evaporation and solidification are
collected on the substrate in parallel configura-
tions at desired spacing. By depositing fibers on
top of each other in multiple layers, hierarchical
assemblies of fiber networks with tunable unit-
cell dimensions can be created (Fig. 14.2b). Fiber
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spinning is achieved through a delicate balance of
processing parameters (rotating speed, humidity,
temperature, etc.) and material parameters (poly-
mer solution concentration, polymer molecular
weight, solvent properties), which have direct
effects on fiber diameter and morphology [65, 67,
117]. Using both STEP methods (sequential and
continuous), fibers in multilayer configurations
with a control on diameter, spacing, and orien-
tation can be deposited to precisely control cell
shape (Fig. 14.2c¢).

14.4 Cell-Fiber Interactions

Fibers provide cells with simultaneous 1-, 2-, and
3D mechanistic cues (Fig. 14.3a), as cells align
along the fiber axis (1D), stretch between two
fibers (2D), and wrap around the fiber by sens-
ing the curvature (3D). Traditionally, electrospun
fiber networks have been used to study cell-fiber
interactions in the context of developmental bi-
ology, specifically investigating the morphology,
proliferation, and differentiation of a variety of
cell types [118-126]. However, in recent years,
electrospun fiber networks have been gaining
traction as novel in vitro substrates to mimic
the in vivo migratory behavior of tumor cells.
In 2014, Nelson et al. [127] demonstrated, using
aligned and random electrospun fiber architec-
tures, how fiber alignment can have a signifi-
cant impact on the motility of the human breast
cancer cells (MCF-7, MCF-10A, and MDA-MB-
231). Compared to the conventional featureless
flat 2D substrates and even randomly oriented
fiber networks, cells on aligned fiber architec-
tures demonstrated a significantly higher degree
of cell alignment, elongation, and a multifold
increase (two to five times) in the migration rate.
Interestingly, even in the presence of chemo-
tactic guidance of the chemokine-CXCL12, the
breast cancer cell lines demonstrated significant
enhancement in migration in aligned fibers as
compared to random networks, thus proving that
ECM-fiber alignment is one of the key factors
driving efficient cell migration. Earlier in 2011,
Saha et al. [128] demonstrated cell alignment
and spindle-like elongated morphologies of the
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mouse mammary (H605) tumor cells on elec-
trospun aligned PCL fibers. Interestingly, they
reported flat spread-out shapes on their random
fiber networks. Apart from metastatic breast can-
cer, aligned fiber architectures also play a dis-
tinctive role in glioma cell migration in vivo,
where white-matter tracts provide aligned to-
pographic pathways for efficient and persistent
migration. In order to mimic such aligned to-
pography, Rao et al. [72] used aligned electro-
spun nanofibers to investigate the motility of
OSU-2 (glioblastoma multiforme) cells. Here,
apart from demonstrating elongated cell shapes
on aligned nanofibers, the authors also show
how migration rate and focal adhesion dynamics
can be significantly altered by varying the stiff-
ness of the nanofibers. Using a three-dimensional
aligned and random PCL electrospun fiber scaf-
folds, Agudelo-Garcia et al. [74] demonstrated
that the migration index of U251 glioma cells
was significantly enhanced with an increasing
level of fiber alignment. Enhancement of U251
glioma cell migration in aligned electrospun PCL
fiber networks was also reported by Johnson et al.
[129] earlier. In another similar study by Beliveau
et al. [130], aligned and random fiber networks
were utilized to study the migration of U87TMG
(glioblastoma multiforme) tumor cells, and it was
observed that aligned topography of the elec-
trospun fibers leads to elongated spindle-shaped
cells, featuring well-directed and elongated fo-
cal adhesions. More recent studies have high-
lighted the importance of ECM-fiber alignment
and anisotropy in metastatic invasion for lesser
studied cancers. For example, Alfano et al. [131]
used aligned (anisotropic) and random 3D fiber
architectures fabricated from electrospinning of
PCL solutions, to comprehensively demonstrate
that fiber alignment is essential for bladder cancer
cell (T24) invasion. Quite surprisingly, in case
of random fiber networks, the T24 cells demon-
strated little to no binding affinity and invasion
capabilities.

While electrospun fiber networks reveal
important information on the influence of
fibrous topographies on cell morphology,
proliferation, growth, differentiation, and more
recently in metastatic invasion, it has been
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CELLS ON FIBERS

n PROTRUSIONS |

Fig. 14.3 Cell-fiber interactions on different fiber con-
figurations. (a) Schematic of protrusion platform with
MCF-10A normal breast epithelial cell on large vertical
diameter putting two lateral protrusions. (b) 3T3 fibrob-
last attached to single fiber in spindle and to two parallel
fibers in parallel morphology. (¢) Focal adhesion (paxillin:
green) clustering occurs at the poles in cells attached to
fibers. (d) Collage of time-lapse images showing 3T3
fibroblast cell migration on single fiber in spindle shape
showing migration (i) switch from spindle to perhaps
rounded amoeboid with cell spinning about the fiber axis,
shown by arrows, and (ii) in elastic recoil, whereby the
cell detaches in a slingshot manner from the trailing edge,
reattaches to form spindle again and then slingshots again.
Numbers indicate time in minutes. Dashed oval represents

challenging to study single- and multicell cell-
fiber spatiotemporal interactions in a repeatable
manner. The STEP platform (see Table 14.2)
offers an alternative method for developing
highly aligned, tunable, repeatable nanofiber
networks for studying cell-fiber interactions.
Since the fibers can be suspended on hollow
substrates, this strategy allows the study
of cell-fiber interactions exclusively at high
spatiotemporal resolutions. For example, using
a novel arrangement of crosshatch fibers of
contrasting diameters provides the ability to
study individual protrusions independent of
migration direction [132] (Fig. 14.3a), while
using parallel (Fig. 14.3a) or crosshatch fibers in
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time-lapse individual frames, and white line shows the
location of leading edge, which remains stationary in-
dicative of contractility built up before slingshot occurs.
Inset data showing (i) migration speed decreasing with
increasing structural stiffness, (ii) focal adhesion cluster
length increasing with structural stiffness, and (iii), at
the same structural stiffness, focal adhesion cluster length
decreasing with fiber diameter [134]. (Scale bar 25 pm
in b, ¢, and d recoil mode). (e) Time-lapse images of
mesenchymal stem cell migration in parallel configuration
demonstrating synchronous coordinated migration of the
left-right protrusions. For each image, the dashed circle is
magnified below the respective image, and coordination is
shown by red arrow, along with a plot showing coordina-
tion between protrusions

multiple layers allows the study of migratory
behavior of single spindle cells (one fiber),
parallel cells (two fibers), or polygonal-shaped
cells (multiple fibers). Independent of shape
on fibers, the focal adhesion sites are mostly
clustered at the poles of cells resulting in focal
adhesion cluster lengths (FACs, Fig. 14.3c) [76].
However, with increase in fiber diameter, the
spatial distribution of focal adhesion sites is
distributed along the cell-fiber contact length
besides the poles, which allows cells to exert
larger adhesion forces [133]. The migratory
response of single cells is regulated by both
the structural stiffness (bending stiffness)
and the fiber diameter, as shown by altered
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migration rates and focal adhesion cluster
lengths (Fig. 14.3d) [134]. Cells typically have
higher migration rates with rounded nuclei
and smaller adhesion cluster lengths at lower
structural stiffness, whereas conversely with
increase in structural stiffness, the focal adhesion
sites become longer, nuclei become stretched,
migration rate decreases, and cells tend to be
more persistent in migration toward increasing
structural stiffness. Cells migrating in spindle
shapes (Fig. 14.3d) can transition into a more
rounded amoeboid morphology with increased
migration rates, or stretched spindle cells migrate
with an elastic recoil mechanism analogous
to release of a stretched rubber band. After
recoiling, cells reattach to form spindle shapes
and then recoil again from the trailing edge.
In the case of parallel migration (Fig. 14.3e),
cells stretched between two parallel fibers often
display synchronous oscillatory coordination
of leading edges during migration [135, 136].
Finally, multicell studies on differentiation have
demonstrated a remarkably high efficiency in
neuronal differentiation on suspended fibers
[137] and, combined with growth factors,
controlled differentiation toward muscle tendon
and osteoblasts [138].

14.5 Recapitulating Metastatic
Invasion Along Fibers

Metastasis is the dissemination of cancer cells
from the primary tumor to distant sites where
they are able to set up secondary and tertiary
colonies [139]. A key step in cancer is the trans-
formation of a healthy microenvironment to a
stiffened network of fibrous proteins populated
by metastasis-provoking stromal cells. The tu-
mor microenvironment composition consists of
a variety of ECM proteins, which provide struc-
tural support for migration in the form of fibers,
and bundles that vary in size, orientation, and
mechanical properties (see Table 14.1). Accu-
mulation of proteins in ECM networks causes
tumor stiffness to increase dramatically in cer-
tain regions; resections of breast cancer tissue
have been measured to be ten times more stiff
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than its healthy counterpart [140]. In vitro, many
studies fail to account for the fact that the in-
creased stiffness is not uniform throughout the
tumor; there is a distribution of stiffness mag-
nitudes throughout the tumor’s volume modu-
lating cancer cell behavior, and the mismatch
of stiffness gradient is more discrete at tumor
boundaries [141, 142]. Also, aggregates of stro-
mal cells, such as fibroblasts and macrophages,
lay the groundwork for invasion by infesting
adjacent areas in order to remodel the ECM for
fluent migration as well as secrete stimulating
chemical factors that provide directional cues
[143]. Besides dispensing chemical signals, these
cells are also able to deposit additional ECM
fibers, approximately 100-500 nm in diameter,
with a wide range of characteristics: dense or
sparse, aligned or random, and stiff or compli-
ant [144, 145]. The aforementioned extracellular
“jungle” gives testimony to the breadth, depth,
and immense complexity of the tumor biophys-
ical microenvironment. Tumor neoplastic growth
and dynamic changes in the physical environ-
ment provide spatial and temporal cues causing
instantaneous cell-ECM interactions leading to
metastatic processes [146]. This interaction is
composed of, first, the cell extending a protru-
sion and, second, maturation of the protrusion
by recruitment of additional adhesion and cy-
toskeletal proteins, therefore initiating migration.
Subsequently, ECM anisotropy aids invasion by
providing a continuous pathway for migration
at high speeds without the need for proteolytic
ECM degradation [5, 11, 16]. Thus, a simpli-
fied “biophysical” model of metastatic invasion
along fibers includes two governing phenomena:
sensing and conditioning followed by invasion
and migration (Fig. 14.4a). In this model, a
single cell or a collection of cells from a tumor
mass interfaced with aligned fibers are able to
emerge (invade, phase I) along the fiber followed
by migration (phase II) away from the tumor.
Cells sense the fibers through the formation of
filopodia resembling protrusions that mature in
cycles of extension and retraction, during which
they wrap around the fibers (integrin-based focal
adhesion assembly). Over time, the cells prefer-
entially align and move their body outward onto
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Fig. 14.4 A simplified biophysical model of metastasis
along aligned fibers. (a) Schematic describing invasion
from a tumor mass along aligned fibers and the various
parameters needed to describe fibrous ECM environment:
length, diameter, spacing, orientation (angle), and fiber
bundling. Phase I and phase II show schematic and

the fiber followed by elongation along the fiber’s
axis through a conditioning phase of 2-3 h in
which they move back and forth on the fiber
while maintaining cell-cell junctions at the rear.
Subsequently, cells can generate traction forces
at the leading edges that are necessary to break
the cell-cell contact at the rear, thus allowing
them to move away from the tumor mass. Thus,
developing a comprehensive understanding of
the biophysical regulation of metastatic invasion
requires the design of fiber networks with control
on fiber diameter, spacing, and orientation to
study pro- and anti-invasion conditions at both
the single protrusion and single-cell resolution
(Fig. 14.4b).

14.5.1 Protrusions on Fibers

Protrusions are projections of cytoplasm from
the primary cellular embodiment that perform a
specific task, or set of tasks with distinct temporal
and morphological characteristics, which also
provides aid for force transduction and motility

time-lapse images (breast metastatic MDA-MB-231) of
simplified model of invasion (time given in minutes).
(b) STEP-based recapitulation of fibrous ECM in design
of pro-invasive networks (i—vi) and anti-invasive random
networks of varying diameters, spacing, and orientations
(vii—viii)

(Fig. 14.5 and Table 14.3) [147-149]. While
the importance of protrusions in metastasis
is widely acknowledged, their organization
and dynamics in 2D and 3D are not fully
described [150-156]. Cancer cell protrusions,
specifically those that are used to cross basement
membranes, have been widely studied using
Boyden chambers and degradation assays [157].
These studies have shed light upon the means by
which transmembrane protrusions are regulated
and affected by cytoskeletal networks, small
GTPases, endothelial layer permeability, and
oxygen availability [157-160]. Furthermore,
these platforms allow investigations of the role
of external spatial dimensionality on protrusive
behavior. For example, using 2D flat ECM-
coated substrates and 3D collagen gels, it was
recently demonstrated that protrusions from
breast cancer cells of various metastatic capaci-
ties can be used to accurately predict invasiveness
in 3D environments, while solely observing
migration on 2D surfaces was determined to
be a poor indicator of 3D migration behavior
[161-165].
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Cells in 3D gels [174]

Protrusions are typically studied in conjunc-
tion with bulk cell body migration. The STEP
platform utilizes a suspended crosshatch net-
work of contrasting fiber diameters fused at the
intersections to decouple cell body migration
from individual protrusions (Fig. 14.6a). Briefly,
large-diameter fibers (~2 pm; “base fiber”) are
deposited orthogonal to smaller-diameter fibers
(100 nm to 1 pm; “protrusive fiber”) which
results in cell migration being arrested along
the base fiber axis, while individual protrusions
are isolated along the protrusive fibers. In order
to quantitate the protrusive dynamics, we de-
fined two morphodynamic metrics: the protrusion
length (L) and the protrusion eccentricity (E)
(Fig. 14.6a). Protrusion length is defined as the
distance from the tip of the protrusion to the pro-
jection of the largest ellipse that can be fit along
the protrusion curve. The eccentricity is a mea-
sure of the morphological curvature of the protru-
sion where the base and protrusive fibers intersect

and is quantified by fitting the largest possi-
ble ellipse along the protrusion curve. Lower
eccentricities represent “rod-like” protrusions in
which the protrusion curvature closely resembles
a circle, whereas higher eccentricities represent
“kite-shaped” protrusions wherein the curvature
of the protrusion deviates significantly from that
of a circle. These two metrics can be used in
conjunction to characterize the spatiotemporal
dynamics of individual protrusions.

Cells attached to the base fibers initiate
protrusions by first sensing the protrusive
fibers through the formation of short, rod-like
protrusions defined by a low eccentricity value.
Subsequently, subject to fiber diameter and
ligand availability, the short protrusions can
transition (mature) into protrusions of longer
lengths at higher eccentricity values before
they stabilize on the protrusive fiber (reach a
maximum length) and finally retract back to the
main cell body. The mechanism of protrusion
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Fig. 14.6 Metrics used to quantify protrusion dynam-
ics. (a) A schematic showing the definition of the key
parameters used to quantify protrusion dynamics with
inset showing an NIH/3T3 cell on the base fiber with a
protrusion along the protrusive fiber. (b) Transient profile
of protrusion length increase showing different phases

maturation is conserved across fiber diameters
and is comprised of a rapid broadening of the
protrusion base (increase in E) followed by a
growth in the protrusion length via multiple
cycles of protrusion extension and retraction
(Fig. 14.6b—d). Fiber curvature dictates the
dynamics of the protrusion maturation process
with protrusions typically reaching eccentricities
of 0.95 and higher significantly faster on flat
protrusive ribbons of equivalent width (D)
compared to round fibers (Fig. 14.7 shown by
arrows). This result suggests that compared
to high curvature round fibers, protrusions
on low curvature flat ribbons mature faster
and more deterministically. Thus, while flat
fibers ubiquitously generate broad mature
protrusive behavior, they are unable to capture
the sensitivity of high curvature ECM-mimicking
fibers.

This platform can be further extended to dis-
tinguish between the protrusive dynamics of dif-
ferent cell lines (“protrutyping”). In addition to
looking at the role of fiber diameters, the platform
can also be used to interrogate if fibronectin

in protrusion maturation. (¢) Transient protrusion profile
of a 3T3 cell showing length and eccentricity dynamics
during protrusion maturation and retraction. (d) Time-
lapse images showing the key steps involved in protrusion
sensing, growth, and maturation for an MDA-MB-231
cell. Scale bars represent 20 wm

coating on fibers in varying concentrations (2,
4, and 16 pg/ml) affects protrusive behavior.
Fibronectin is a major ECM glycoprotein that
plays an important role in promoting cell ad-
hesion to the surrounding substrate and is na-
tive to both neural and breast tissues [184—186].
Additionally, fibronectin has previously shown
to play an active role in inducing epithelial-
mesenchymal transition such that increased fi-
bronectin levels have been implicated in facilitat-
ing tumorigenesis in breast tumors [187]. Thus,
by varying both the fiber diameter and ligand
density, the STEP platform is able to partially
capture the heterogeneity associated with tumor
microenvironments and its influence on cancer
cell protrusive dynamics. Protrutyping the pro-
trusive dynamics between two breast cancer cell
variants reveals that the more metastatic breast
adenocarcinoma MDA-MB-231 puts out signif-
icantly longer protrusions in comparison with the
relatively less metastatic normal breast epithelial
MCF-10A (Fig. 14.8). This result suggests that
the protrusion length could be indicative of the
metastatic potential of a cell. Furthermore, the
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Fig. 14.7 Characteristic protrusion profiles. SEM im-
ages of (a) round protrusive fiber and (b) flat protrusive
ribbon. Representative transient protrusion profiles seen

Fig. 14.8 Differentiating between MDA-MB-231 and
MCEF-10 protrusion dynamics using protrusion metrics.
Phase images show MCF-10A protrusions on (a) small
and (b) large diameter protrusive fibers. (¢) Bar graph
shows the protrusion length comparison between less

on (c) round protrusive fiber and (d) flat protrusive ribbon.
Arrows indicate that on flat ribbons, high eccentricity is
achieved significantly faster compared to round fibers

B moa-ms-231: 16 ug/mi
30 5 M mcF-10: 16 pg/ml

Large
Fiber Diameter

Small

B vice-10: 2 pg/mi
[ mcF-10a: 16 pg/mi

[ moa-me-231: 2 pg/mi
MDA-MB-231: 16 pg/ml

metastatic MCF-10A and relatively more metastatic
MDA-MB-231 (N = 100 protrusions per category). ***
denotes p<0.001, ** denotes p<0.01, * denotes p<0.05.
Adapted from Koons, et al. [132]
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platform can be used to protrutype highly in-
vasive cell lines having different lineages. The
analysis between MDA-MB-231 and DBTRG-
05MG cells shows breast cells to exhibit strong
dependence on fiber diameter and ligand concen-
tration compared to brain glioblastoma DBTRG-
05MG (Fig. 14.9). Altogether, quantitating single
protrusions on ECM-mimicking fibers demon-
strates that protrusive behavior is highly sensitive
to fiber geometry, which (1) flat ribbons cannot
capture, and (2) is cell specific.

The contrasting curvature platform can be
used to interrogate the organization and localiza-
tion of cytoskeletal components inside individual
protrusions (Fig. 14.10). The long lengths and
broad morphologies achieved by protrusions are
indicative of f-actin to be present in protrusions
across the entire spectrum of eccentricity values
associated with the protrusive cycle. Similarly,
tubulin is also present at all eccentricity values
albeit occurring with relatively lower probabil-
ity (~20-60%) at low eccentricities and higher
probability (~75-100%) at high eccentricities.
In contrast to f-actin and tubulin, both of which
localize across the entire range of eccentricity
values, major vimentin fronts are rarely detected
in protrusions of eccentricity lower than 0.8.
This suggests that the protrusion base needs to
broaden out significantly prior to the introduction
of vimentin into the protrusions, thus indicating a
diminished role of vimentin in protrusion initia-
tion and maturation.

14.5.2 Cell Invasion Along Fibers

After using protrusive structures to actively probe
the surrounding, the next step for a cell during
metastasis is directed migration toward the blood
vessels [188]. To study invasion and migration,
cell monolayers can be interfaced with suspended
fibers (Figs. 14.11 and 14.12). In doing so, cells
at the edge of the monolayer sense the fibers
through formation of protrusions followed by

303

cells emerging (invading) from the monolayer
onto the suspended fibers [189]. Since metastatic
invasion occurs as single or collection of leader
cells, the diameter and spatial layout of fibers
allow us to capture these invasive modes in vitro.
Leader cells emerge on the fiber networks in
three distinct modes: recoil and chain on single
fibers and collective (multiple chains) on multiple
fibers. Recoil mode signifies a single cell abruptly
detaching from the monolayer and recoiling away
analogous to the release of a stretched rubber
band. This primarily occurs when the cell body is
aligned at an angle with the fiber axis. Recoiling
cells have higher detachment speeds that enable
them to advance longer distances away from the
monolayer. However, they can switch directions
and return to the monolayer, thus having an
overall lower persistence. In contrast, when
the cell body is symmetrically aligned with
the fiber axis, a collection of few cells with
intact cell-cell junctions are observed to emerge
from the monolayer. On densely packed fibers,
multiple chains emerge simultaneously as large
collective groups. Fiber diameter also plays a
role in emergence as a higher tendency for the
recoil mode of emergence was observed on the
300 nm and 500 nm diameter fibers, while on the
1000 nm diameter fibers both the recoil and chain
emergence modes had a similar probability of oc-
currence. Furthermore, the speed of detachment
in recoil mode is dependent upon fiber diameter
(250 £ 15, 425 £+ 14, and 400 = 30 pm/h
on 300 nm, 500 nm, and 1000 nm diameter
fibers, respectively). This can be explained by
the organization of focal adhesions on fibers of
varying diameters (Fig. 14.13). Cells attached to
fibers form focal adhesions primarily at the poles
on smaller diameter fibers and along the entire
cell body-fiber length on larger diameter fibers.
The arrangement of these adhesion sites leads
to stronger cell-fiber adhesion forces on large
diameter fibers, thus perhaps leading to reduced
recoil invasion mode on large diameter fibers
[134].
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Fig. 14.9 Differentiating between MDA-MB-231 and
DBTRG-05MG cell lines using protrusion metrics. (a)
Eccentricity increases with fiber diameter, but no statisti-
cally significant differences were found due to fibronectin
concentration (n = 30 per test category). (b) Maximum
protrusion length and (c) base length metrics reveal that

14.5.3 Cell Migration on Fibers

Post-invasion, cell migration on fibers occurs in
either single or collective mode. Migration speed
for single cells is dependent upon the number of
contacts the cell makes with fibers. Cells on sus-
pended parallel nanofibers, with spacing larger
than 20 pm, typically assume a “spindle” shape

MDA-MB-231 cells modulate their protrusion lengths as a
function of both the fiber diameter and fibronectin coating
compared to DBTRG-05MG (n = 100 per case). ***
denotes p < 0.001, ** denotes p < 0.01, and * denotes
p <0.05. Adapted from Koons, et al. [132]

and interact only with the single fiber as they
migrate. Conversely, for nanofibers with spacing
smaller than 20 wm, the cells spread between the
two parallel fibers. When the cells reach a fiber
junction, they typically take up a “polygonal”
shape (Fig. 14.14). Compared with flat and 2D
substrates, myoblast C2C12 cells on suspended
fibers have the ability to almost double their mi-
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Fig. 14.11 STEP-based nanofiber platform to study cell
invasion and collective migration. Schematic and phase
contrast images show the application of the STEP plat-

gration rate due to enhanced FAC alignment and
polarization of contractile forces (Fig. 14.14). It
is also interesting to observe that even under the
administration of drugs that are well known to
impact FAC dynamics such as blebbistatin (in-
hibits myosin contractility), nocodazole (inhibits
microtubule polymerization), and cytochalasin-D
(disrupts actin filament formation), the migration
rate of cells on fibers is still greater than their
counterparts on flat substrate [76]. Overall, spin-
dle cells have highest migration rate compared
with the other three categories but tend to exhibit
lower persistence. Highly aggressive cancerous
brain glioblastomas (DBTRG-05MG) also ex-
hibit similar behavior in single-cell migration
with spindle shapes having faster speeds com-
pared to their counterparts on flat 2D substrates
and on suspended crosshatch pattern of fibers
(Fig. 14.15a). In addition, Estabridis et al. [190]
investigated the migration of U251 glioblastoma

Monolayer

form to study cell invasion and collective cell migration.
All scale bars are 20 pm. Adapted from Sharma et al.
[189]

cells in precisely aligned 1D and 2D crosshatched
nanofiber arrays, and it was revealed that the
glioblastoma cells assumed spindle morpholo-
gies in the aligned 1D arrays and exhibited faster
and more persistent migration, as compared to
the 2D crosshatch networks. A comprehensive
analysis of spindle cell migration reveals that
cells modulate their migratory response to both
fiber diameter and structural stiffness (bending
stiffness) of the suspended fibers [38, 76, 134].
Structural stiffness accounts for the length, di-
ameter, and material stiffness (Young’s modu-
lus and measured in units of N/m?) and thus
is another property to study cell behavior on

fibers, as it scales with both fiber diameter and
Diameter”
Length?

grates along a single suspended nanofiber, the
migration rate and nucleus shape index decrease
with increase in structural stiffness, while the

length (~ ) As the cell spreads and mi-
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Fig. 14.12 Invasion of leader cells. (a) Schematics and
phase contrast images showing leader cells leaving the
monolayer in three distinct emergent modes: recoil, chain,
and collective (multichain) groups. (b) Occurrence fre-
quency of the three distinct modes of emergence on fibers
of different diameters. Percentages have been calculated

250 nm

for each diameter and fiber spacing. For instance, on
300 nm diameter fibers with <10 wm spacing, about 14%
emerged as recoils, none as chains, and about 86% as
multichain collective groups. All scale bars are 25 pm.
Image from Sharma, et al. [189]

Distance Along Cell-Fiber Interface

Fig. 14.13 Focal cluster distribution along the cell-fiber
interface as a function of the fiber diameter. (a—c) Phase
images of cells being pulled by a probe on 250-, 400-,
and 800-nm-diameter fibers, respectively. The two pri-
mary peripheral clusters (black arrows) are shown dis-
tinctly from intermediary groups (white arrows), which
increase with increasing diameter. (d—f) Fluorescence im-

ages showing paxillin signal presence along the cell-fiber
axis. (g-i) Corresponding intensity of the paxillin signal
with primary cluster zones separated from intermediary
zones by black dashed lines. As fiber diameter increases,
signal intensity within this region increases. Scale bars
represent 25 pm. N = 42. Image from Sheets et al., 2016
[133]
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Fig. 14.14 Cell migration speed as a function of the cell
shape and drug influence. (a) Impact of three different
drugs on migration speed. (b) Migration speed as a func-
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for four different cell configurations on STEP nanofiber
platform. (¢) Schematic of three different shapes for cells
on suspended fibers. Image from Sheets et al., 2013 [76]
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Fig. 14.15 DBTRG-05MG migration dynamics on sus-
pended fibers. (a) Migration speed was evaluated on flat
substrate (N = 14), single suspended nanofibers (SS,
N = 56), and double suspended nanofibers (orthogonal,
SD, N = 62). A statistical difference was observed be-
tween the migration rates on flat, SS, and SD nanofibers
(student’s #-test, p = 0.0004 for SS-flat, p = 0.0294 for
SD-flat, and p = 0.0171 for SS-SD). The inset shows

focal adhesion cluster lengths (FACs) increase.
At similar structural stiffness values, migration
rates increase, and FACs decrease with increas-
ing diameter [38, 134]. Our previous studies
have shown that cell migration increases with
decreasing bending stiffness for single glioblas-
toma (Fig. 14.15b). Thus, the invasion mode and

fluorescent images of cells on the three substrates ana-
lyzed. Scale bars represent 50 pm. (b) Cell migration
was evaluated on SS fibers of lengths 10 mm (N = 60),
6 mm (N = 101), and 4 mm (N = 120) and compared
to flat (N = 14). Significant difference in migration rate
was observed across all the fiber lengths tested (student’s
t-test, p < 0.0001 for 10 mm-flat, 10-4 mm, 6 mm-flat,
4 mm-flat; p = 0.0001 for 10-6 mm; and p = 0.0439 for
6—4 mm)

kinetics of single-cell migration are sensitive to
fiber (1) diameter, (2) spacing, and (3) structural
stiffness.

Post-invasion, collective cell migration occurs
through formation of cellular bundles termed
cell streams (Fig. 14.16a), which initially ex-
hibit a fast advancement rate (~200 pm/day).
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Fig. 14.16 Collective cell migration on STEP
nanofibers. (a) Representative schematics and time-lapse
images of cell stream advancement over time. Scale bars
are 200 pm. (b) (i) Kinetics of cell stream (n = 10)

Interestingly, the migratory rates of highly prolif-
erative in vivo migratory tongues typically found
in early stages of wound repair (150-300 pwm/day
[191-193]). The width of individual cell streams
(measured at the base, middle, and tip of streams)
increases and saturates (Fig. 14.16b(ii)). Collec-
tive cell stream migration occurs in a highly
persistent manner with advancement away from
the monolayer. Occasionally, single or a few cells
detach from the tip of the cell streams, which
further contributes to advancement away from
the monolayer.

14.5.4 Plasticity in Cell Migration
on Fibers

Migrating cells have to squeeze, push, and tug
through the complex ECM to achieve efficient
migration (persistent over long distances). Cells

advancement. The black dots represent the instances when
the cell stream length exceeded 100 wm. (ii) Average cell
stream (n = 10) width measured at three locations: top,
middle, and bottom of the cell streams over days. Adapted
from Sharma et al. [189]

achieve this by adapting to the changes in local
microenvironment by shifting their migratory
modes in a process commonly referred to as
plasticity. Cells migrating in mesenchymal mode
typically have a well-defined integrin-based
lamellipodia resulting in elongated spindle-
like morphology (fibroblast-like morphology)
[194]. In 3D matrices, mesenchymal migration
occurs with the additional step of ECM
degradation (proteolysis) [195] and can lead to
elastic modulus-based non-polarized (lobopodia)
and polarized (lamellipodia) cross talk and
localization of RhoGTPases [19]. In contrast to
mesenchymal migration, many established tumor
cell lines show an amoeboid migration which
is characterized by a rounded or “balled-up”
morphology and an integrin-independent motility
[196]. These cells typically show efficient and
rapid alternating cycles of cytoskeletal expansion
and contraction in addition to a very high
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Fig. 14.17 DBTRG-05MG blebbing dynamics on sus-
pended fibers. Migration (a) continuous blebbing behav-
ior of DBTRG-05MG on flat substrate. Scale bar repre-
sents 20 wm. (b) Time-lapse image of DBTRG-05MG mi-
grating along a single suspended nanofiber at 10-minute
intervals. We observe that the cell only starts blebbing
(denoted by *) when the cell spread area has reduced
considerably. Scale bar represents 50 pm. (¢) DBTRG-
05MG which has sufficient cell spread area does not show
signs of blebbing, while the cell with the reduced spread
area shows blebbing (denoted by white arrowhead). Scale
bar is 50 pm (d.i and d.ii) bleb size and bleb count as

degree of plasticity that allows the cells to
“squeeze” through small pores in the ECM
[197-199]. Mesenchymal mode of migration
relying on engagement of integrins is thus
slower than the amoeboid mode. Metastatic
cells often display another type of protrusive
structure known as blebs. Long considered the
hallmark of apoptosis, blebs lead to changes
in nuclear shapes, mitotic disturbances causing
genetic instability, multidrug resistance in tumor
cells, invasiveness, ability to escape apoptosis,
and motility [17, 19, 200-202]. Blebs are
hydrostatic ~pressure-driven protrusions that
appear as spherical (Fig. 14.17a shown by white
arrow), highly dynamic extensions from the
cell body [203]. These structures are primarily
observed in cells undergoing 3D migration
(and in some cases on 2D substrates as well)
[200]. In contrast to actin polymerization-
driven formation of lamellipodia and filopodia,
bleb formation is hypothesized to be due to

functions of cell spread area for DBTRG-05MG cells.
Bleb size for cells with spread area of 150-650 mm?
(N = 109) was significantly higher than those for areas
651-1150 mm? (N = 80) and 1151-1650 mm? (N = 36)
(student’s #-test, both p < 0.01). Bleb size for a cell
spread area of 651-1150 mm? was almost significantly
higher than those for areas 1151-1650 mm? (student’s z-
test, p = 0.05). (d.iii) Migration rate for DBTRG-05MG
cells showing blebbing dynamics (N = 31) was signifi-
cantly lower than cells not showing blebbing (N = 30)
(p = 0.002). Figures adapted from Sharma et al., 2013
(38]

a rupture or local decrease in the membrane-
cortex attachment, thus leading to a rapid
increase in hydrostatic pressure [200, 202,
203]. Interestingly, studies have also shown
that some cells are capable of switching from
bleb formation to more traditional protrusive
structures in response to the topographical
properties and intracellular signaling [16, 204].
Single glioma cells migrating in spindle shapes
on suspended fibers also display plasticity in
migratory modes by switching from elongated
shapes to rounded cells with well-defined blebs
as protrusive elements (Fig. 14.17b). Further,
the same cells migrating on crosshatch pattern
of fibers stretched between intersecting fibers
have no to minimal blebs, whereas those
attached to single fibers display blebs. In fact,
blebbing dynamics scales with area as larger
mesenchymal cells have smaller and less number
of blebs resulting in higher migration speeds
(Fig. 14.17c¢).
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14.6 Future Outlook

ECM-mimicking suspended nanofiber platforms
offer integrative and multiscale abilities to
study key biophysical phenomena in metastatic
invasion: protrusions, invasion, and migration.
We have developed a reductionist model of
metastatic invasion using ECM-mimicking
suspended and aligned fiber architectures.
To describe invasion in detail, our model in
future will need to include multiple layers of
sophistication to include ECM porosity through
deposition of multiple layers of fibers, stromal

Cells in their native environment are always
exerting or withstanding forces. Currently,
there is incomplete knowledge in force-driven
invasion of cells in stiffer environments found
around tumors [71, 205-208]. In this regard,
we have pioneered fused-fiber nanonet-based
Nanonet Force Microscopy (NFM) to measure
single- and cell-cell forces and shown single-
cell sensitivity to drug response (Fig. 14.18a).
NFM can also be used to measure the forces
exerted by single protrusions (Fig. 14.18b) during
the process of maturation for both stationary
and migratory cells. Furthermore, NFM can be
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Fig. 14.18 Measuring single-cell and individual protru-
sion forces using NFM. (a) Average contractile forces
exerted by single DBTRG-05MG cells without and with
0.05 pM (N = 116 and 10, respectively), 0.1 pM
(N = 45), 0.2 uM (N = 63), and 0.5 pM (N = 49)
cytochalasin D exposure. Forces reported were measured
after 30 min exposure to the drug. Error bars represent the
standard errors. Also shown in right panel are the temporal
dynamics of cell spread area of single DBTRG-05MG
with (0.05, 0.1, 0.2, 0.5, 1, 2, and 3 pM) and without
exposure to cytochalasin D. (b) Representative profiles of

transient force dynamics of protrusions put out by two
NIH/3T3 fibroblasts in stationary and migratory modes.
Migrating cells exert higher forces (direction of migration
is shown by arrow), and inset includes representative
phase contrast images of both cells at 15 and 50 min. (c)
The role of structural stiffness in regulating cell-substrate
forces. Inset shows phase image of C2C12 cell responding
to an externally applied force. Panels a and ¢ are adapted
from Sharma et al. [219] and Sheets et al. (2016) [133],
respectively
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external manipulation (Fig. 14.18c). Altogether,
the ability to measure single-cell and multicell
forces using ECM-mimicking fibers provides
new abilities to calibrate normal cell behavior
and interrogate disease onset, progression, and
therapeutic response.

Cell migration requires establishment of
polarity (front to back) and precisely architected
cytoskeletal arrangement, adhesion organization,
and formation of filopodia and lamellipodia.
These depend upon the differential activity of
small guanosine triphosphate (GTP)-binding
proteins (RhoGTPases) signaling of small
molecules Cdc42, Racl, and RhoA [18-20,
25, 209, 210]. Most of what we know in this
signaling comes from studies conducted on flat
substrates, which have demonstrated that Cdc42
is active toward the front of the cell and inhibition
or activation of Cdc42 can disrupt directionality
in migration [18, 25]. One direct consequence
of Cdc42 localization is activation of Racl.
Activation of both these proteins mediates actin
polymerization in protrusions in the direction of
migration. The rear of the cell is defined by the
activity of RhoA. Activation of Racl at the front
of the cell suppresses Rho and myosin activity,
whereas Rho is more active at the rear and sides
of cell where it suppresses Racl, which in turn
tends to keep the formation of protrusions in
the direction of migration at the front of the
cell. Rho contributes to actomyosin contractility
through its effecter Rho kinase (ROCK), which
allows for buildup of tensile stresses inside the
cell body through formation of f-actin stress
fibers. An interesting and recent development
in the field has been the demonstration that
cells in 3D do not require polarized patterns
of RhoGTPases to achieve efficient migration
(higher motility rates and increased persistence).
Furthermore, cells are observed to shift their
migration modes (plasticity) in response to
changes in elasticity of the environment with
distinctly different organization of Rho family
members [16, 19, 24, 211, 212]. Thus, even the
familiar class of RhoGTPase family of molecules
for which we know almost everything on 2D is
regulated and utilized differentially in 1- and
3D. The mechanisms driving the spatiotemporal
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regulation of these molecules in cells attached to
fibers of varying curvatures and the associated
force signatures are to the best of our knowledge
nonexistent. A key challenge to elucidate these
mechanisms lies in the inability to image cell-
fiber interactions on fibers of high curvature. It
is clear that focal adhesion clusters spatially
organize differentially on fibers of varying
diameters, with longer FACs on smaller diameter
fibers, suggesting an area conservation along the
fiber axis. However, it is unclear if the integrin-
driven focal adhesion assembly is altered, as cells
have lower cell-fiber adhesion forces on smaller
diameter fibers (Fig. 14.18c¢).

Metastatic invasion in-vivo occurs in the
presence of both biophysical and biochemical
gradients [188]. In recent years, microfluidic
devices have advanced significantly to allow
long-term establishment of chemical gradients
[213-216] and sophisticated invasion models.
Recently, Kamm and colleagues have used
3D microfluidic assays to investigate the role
of monocytes in cancer cell extravasation
[217] and to study the effects of applying an
alternating electric field-based therapy to cancer
cells [218]. To the best of our knowledge,
integration of nanofibers at controlled spacing
and orientations in a microfluidic device has
yet to be demonstrated. If successful, such a
platform can elucidate force coupling-based
invasion of single and collection of cells in
simultaneous biophysical and biochemical
gradients. Furthermore, these models can be
expanded to include stromal interactions by
co-culturing fibroblasts and macrophages with
and within the vicinity of cancerous cells to
interrogate invasion dynamics.

Altogether, cancer affects all of us, and de-
feating it requires a concerted effort from all
disciplines. Recent advancements in data mining,
supercomputing, nanotechnologies, synthetic bi-
ology, molecular profiling, and social awareness
provide us with a great hope in defeating can-
cer. Cancer will inevitably strike again; thus, we
emphasize the need for collaborative research to
understand the governing principles that make a
cell go rogue and engineer ways to isolate and
stop them in their tracks.
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